
BLANK PAGE 



f

UMCLAHSUHtSf

00
lO
OJ
r-l
r-(
<;o
Q

b
Ofi£fUltCOK

WT-1102» .
This document consists of lid psfss 

No. 2 09 of ai5 copiM. Ssrles A

TEAPOT
HEVAOA TEST SITE
February - May 1955

Project 1.2 hj
SHOCK WAVE PHOTOGRAPHY

ram bpor has beek appboved fob oten pdbucuior.
Imumc* Data; May lb. IMS

DDC
rpf^rpn[\rK2f<^ Twa

i ft t^aaiinaaoa
MAR 1 1965 I 'nmnMAK 1 I TlUa 11, 0J.C..

....................Vl tranamlaatoa or r
bVii/ibU u .aaaar to aa asa

_ s •
s

15vH7l5u u
OOC IRA E

laca. TM aatf TM. tSa 
rtraUUoa o( which la aay 

asaathorlaad paraoa la pro*

“““‘’'•’Man T
NEADOUARTERS FIELD COMMAND. ARMED FORCES SPECIAL WEAPONS PROJECT 

SANDIA RASE. ALRUOUEROJE. NEW MEXICO ]Pl!8®(§[|§§D[i!l® ®®1PV

UNCLASSIFIED
• rtiMMun IM •et«.»hni cisMAftcsiMPn 

'^mv'ves fri>m oM
CiMmttntMUmm ». saMM^tp s«
Y*« C4MH• C4MMM

UNCLASSIFltp



BLANK PAGE 



ri*

s

UNCLAbbiFitU

WT—U02

OPERATIOK TEIPOT- PROJECT 1.2

Report to the Test Director 

SHOCK WAVE PHOTOGRAPHY

J. F. Moulton, Jr.
E. R. Walthall

U. S. Naral Ordnance Laborator7 
White Oak, Sllrer Spring, Marylanl

\

• ae *•* *

UNCLASSIFIED V
SESTRICTIB OATT^ \

• ••• 
• e

» lUAricted Data m foreign dis- 
i)?i. -flertion I44b, Atomir Energy

NCLASSIFILD
IT9intllT«tCtl >C4 irn

sjKSeca. 793 and 794. the 
vAlch in any 

an uba^oriced person is pro- 
^ hi&t^by law.

\

\

UNCLASSIFIED
caBDINTt^



SUMMARY OF SHOT DATA, OPERATION TEAPOT 

Shot Coda Nana Data Tima* Area Type 

Latitude and 
Longitude of 
Zero Point 

• • • 
• • • 

• a • 
• • • 

•••••• 
• • a » 
« ta a 

i • * 
I a a • 

at a a 

10 

11 

II 

13 

14 

Waep 

Moth 

Te ala 

Turk 

Hornet 

ESS 

Apple 

Waep' 

HA 

Poet 

MET 

Apple I 

Zucchini 

IS February 

22 February 

1 March 

7 March 

12 March 

22 liar oh 

23 March 

29 March 

29 March 

6 April 

9 April 

15 April 

5 May 

15 May 

1200 

0546 

0530 

0520 

0520 

0506 

1230 

0466 

1000 

1000 

0430 

1115 

0610 

0500 

i 

T-T-4T 

T-3 

T-»b 

T-3 

T-3a 

T-7-la 

T-lOa 

T-4 

T-7-4J 

T- 6» 

T-9c 

FF 

T-l 

T-7-la 

762-ft Air 

300-ft Tower 

300-ft Tower 

500-ft Tower 

300-ft Tower 

500-ft Tower 

47-ft Underground 

500-ft Tower 

740-ft Air 

36.620-ft MSL Air 

300-ft Tower 

400-ft Tower 

500-ft Tower 

500-ft Tower 

IT 

III 

IT 

IU 

IT 

III 

IT 
IN 

_» 
IT 

IN 

IT 
« 

IM 

IT 

IM 

« 
IT 

IM 

IT 
• 

IM 

Jt* 

• 
IM 

IT 

IM 

• 
M 

III* 

• 
M 

IM 

_• 
IT 

IM 

•I 

It’ 

*r 

11 MM 

U-TMl' 

mss' 
IMNt' 

IT II MIT 

n' ii.mtt' 

**' it.mu' 

«' M.MTl' 

It 

•r 
a mu 

lljn«' 

M 41.1 

It' 

II 

. I 
II 
_ I 
N 

i 
•I 

i 
•I 

I 
II 

M.MTl 

M.lMl' 
li 

it .mi 

uW 
II mu' 

II.MM 

II TIM ' 

UJMt' 

M MM' 

•T II IMI 

II 

4T 

It MU 

It MU ' 

U 44. 

II 

hum 

M MIT 

41 Mil' 

II MTl' 

• Approximate local time, PST prior to 24 April, PDT after 24 April, 
t Actual aero point 3« feet north. 424 feet weet of T-7-4. 
J Actual aero point 94 feet north. 52 feet weet of T-7-4 
0 Actual aero peint 34 feet eouth, 397 feet weet of T-6- 

4 



w 

ABSTRACT 

Project 1.2 va* responsible for (1) deteraining the peak shock 
overpressure as a function of distance on Shot 10, the high-altitude 
**hot; (2) studying the effects of the surface and the heating of the 
air near the surface on precursor foraation, growth, and shock inter» 
action for a nunber of yields and heights of burst over natural and 
artificial surfaces; and (3) ascertaining, prior to Shot 12, whether 
coalescence of the Incident and reflected shocks could be expected to 
occur directly above the burst and, if so, deteralring the peak over¬ 
pressures at given distances on that shot. 

Äe military importance of the first two objectives is obvious. 
The last objective was directed toward providing basic informtion on 
shock phenomena from a tower burst in support of the drone aircraft 
project (Project 5.1, Damaging Loads on Aircraft in Plight) which was 
given major emphasis in the Military Effects Test Program. Both smoke- 
grid photography and direct-shock photography, techniques similar to 
those used on previous teats, were employed in the successful accom¬ 
plishment of these major objective«. 

On Shot 10, pressures of T'om 000 to 8 psi were determined, cover¬ 
ing a range of from 200 to 1,100 ft from the burst. (Taken together 
with the overlapping data of Project 1.1, the pressure-dlstsuice curve 
for this shot extends from 000 ]>ai down to O.lU pei over a range of 
approximately 11,300 ft from tho buret.) These data, combined wkth 
the yield results, seem to indicate that Sachs scaling techniques for 
pressure, distance, and time ma/ be applied up to altitudes of the order 
of UO,000 ft; however, some res-trvations are mentioned in the text. 

The AFSWP-iOL precursor-prediction criteria were found to be more 
reliable than other existing prodiction methods. However, as a result 
of the Information gained during Operation TEAPOT, the AFSWP-MOL 
criteria have been modified to take into account the different thersml 
absorptlvltlea of various surfaces. It is believed by the authors that 
precursors will not form over a water surface, however, natural water 
surfaces should not be considered as "ideal" in this regard because 
water-loading of the blast wave along the surface can occur and can 
lead to nonideal values of blast parameters, such as "excessive" 
dynamic pressures, for example. 

Further evidence was obtained which Indicates that thermal layers 
affect the rate of growth of the thermal Mach wav* at close-in distances; 
but in spite of this, the triple point follows a reasonably predictable 
(t 10 percent) course beyond the point where it would be normally ex¬ 
pected to rise above the upper level of the thermal layer. 

A modification of the theory for calculating temperatures in the 
thermal layer from the angle made by the precursor with the ground is 

e e 
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proposed In the text, but cannot yet be fully verified. Use of the 
theory teade to bring the calculated teaperaturea In cloaer agreement 
vlth aeaaured values obtained by both direct and Indirect aethods. 

Coalescence of the Incident and reflected shock vaves vertically 
above the burst was observed on Shots 1» and 12 at 2,550 ft (12 psl 
level) and 2,600 ft (7 pel level) fro« the burst points, respectively. 
On Shot k, the aeasureaents Indicated that the peak pressure Is 
enhanced slightly following coalescence. Observed pressures were 
approximately equivalent to those that would have been obtained from 
a weapon yield 1.2 tiaes larger than that fired. Ihe predictions 
desired by Project 5*1 for Shot 12 were based on this result. On 
Shot 12, however, no such enhancement In pressure was observed after 
coalescence. Some possible explanations for this behavior are 
presented In the text. 
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FOREWORD 

This report presents the final results of one of the 56 projects compris¬ 
ing the Military Effects Program of Operation Teapot, which included 14 
test detonations at the Nevada Test Site in 1955. 

For overall Teapot military-effects information, the reader is re¬ 
ferred to "Summery Report of the Technical Director. Military Effects 
Program," WT-1153, which includes the following« (1; a description of 
each detonation Including yield, aero-point environment, type of device, 
ambient atmospheric conditions, etc.; (2) a discussion of prcjeot results; 
(3) a eunmary of the objectives and results of each project; aid (4) a 
listing of project reports for the Military Effects Program. 

PREFACE 

Project planning at the Naval Ordnance Laboratory was completed 
with the assistance of 0. K. Hartmann, Paul M. Fye, J. E. Ablard, 
W. E. Morris, J. F. Moulton, Jr., J. Petes, E. R. Walthall, and 
C. J. Aronson. 

For administrative and logistic support the Naval Ordnance 
Laboratory is indebted to the Bureau of Ordnance, the Armed Forces 
Special Weapons Project and in particular to E. B. Doll, Technical 
Director, to his staff, and to Cdr. W. M. McLellon, USN, and Maj. 
H. T. Bingham, USAF, Director and Assistant Director of Programs 1 
and 3, respectively. 

Sincere appreciation is expressed to the fins of Edgerton, 
Qemeshausen, and Orier, Inc. for obtaining the excellent motion-picture 
records,without which Project 1.2 could not have met its objectives 
successfully. Appreciation is also expressed for the development and 
establishment of Jet aircraft smoke trails by the 4925th Test Group 
(Atomic) of the Special Weapons Center, Kirtland Air Force Bate. 

Those who served in the field operations at the Nevada Test Site 
were: J. F. Moulton, Jr., Project Officer; E. R. Walthall, Deputy 
Project Officer; C. L. Karmel, Administration and Analysis; 
B. M. Loring; E. G. Nacke; R. L. Varwig; J. A. Martin, A/2c USAF; and 
W. R. Rogers, A/2c USAF. G. S. Rlelley served as supply officer at the 
hoae station and in the field. 

This WT report almo carries the Naval Ordnance Lab ora torv run*» er 
NOIR 1210. 
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CONFIDENTIAL 
I 

Chapter I 

INTRODUCTION 
1.1 METHODS AND OBJECTIVES 

Shock-wave photography, as It has cone to be known In connection 
with atomic teats, Includes two closely related techniques designed to 
detect and locate in space and time the various shock phenomena associ¬ 
ated with nuclear bursts. The simpler and slightly less accurate of the 
two has been termed "direct shock photography" for it involves only the 
use of high-speed, high-resolutlon cameras. "Rocket-smoke-grid photo¬ 
graphy", the more-accurate technique, requires the estaolishment of a 
í* 1 i o. Bmoke trails situated behind the burst. Shock waves which are 
otherwise unobservable can be detected when photographed against such 
* grid. Both of these techniques are described in more detail in 
Chapter 2. 

On many previous atomic tests, shock-wave photography has produced 
a wealth of reliable data (References 1 through 7). These have been 
used to establish the standard curve of free-air pressure versus 
distance down to the 10 psi level for atoadc weapons (Reference 6) and 
they provide thp basis for detailed knowledge of the development and 
growth of the Mach shock and triple point, the precursor phenomenon, 
and many other blast effects of atomic burets. 

During Operation TEAPOT, Project 1.2 was called upon to employ 
these techniques to determine: (l) free-alr peak pressure versus 
distance on the high-altltude shot; (2) the position of the Incident 
and reflected shocks as a function of time vertically above the burst 
position on Shots 4, 8, and 12, ind if coalescence occurred, the peak 
pressure of the coalesced shocks as a function of distance above the 
burst; and (3) the effects of the surface and the heating of the air 
near the surface on precursor formation, growth, and shock wave inter¬ 
action on Shots 1, 3, 4, 6, 8, 9, and 12. 

In addition to the above, photographic records were obtained on 
Shot 7, the underground shot, to study the growth of the base-surge 
cloud and to determine its role in the spread of radioactive contami¬ 
nants. The project was concerned with this task only to the extent of 
assuring procurement of the desired records. The analysis and results 
will be published under an AF&.P-sponaored task at the Naval Ordnance 
Laboratory (Reference 8). 

These objectives were established for the purposes of (l) providing 
blast attenuation data and determining the amount of energy that goes 
into blast when a nuclear device is burst under rarifled atmospheric 
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conditions; (2) determining whether the Incident and reflected ahocke 

coalesce at some distance above a tower burst and, If so, what the 

resultant pressure Is as a function of distance; and (3) gathering 
precursor data for a number of shots varying In yield and height of 

burst over or near various surfaces, so improved methods can be formu¬ 

lated for predicting precursor effects on ideal blast and on dlffraction- 
and drag-type targets. 

1.2 BACKQRQUITD AJfD THEORY 

While Objectives 1 and 3 were aimed toward increasing the knowledge 
0. the military effects to be expected from weapons burst under pre¬ 

viously untested environmental conditions, Objective 2 was directed 

toward providing basic Information on ?hock phenomena from a tower 

burst In support of the drone-aircraft program, which was established 

to determine the damaging effects of gust loading on aircraft In flight. 

To facilitate this study, It was desired that the drone aircraft, to be 

tested on «hot 12, be subjected to but one shock. Promising, though 

inconclusive, data obtained by shock photography during Operation 

UPSHOT-KBOfHOLE (Shots 1 and 11) Indicated that In the legion directly 

above the burst the reflected wave might overtake the Incident wave, 

provided the explosion were big enough and low enough. If such were 

the case, the coalesced shocks should thereafter proceed as one. Thus, 

Il va» intended that sufficient data be obtained by Project 1.2 prior 
to Shot 12 to verify shock coalescence and determine the shock pressure 

as a function of distance beyond the point of coalescence. The position 

of the drones above the burst could then be established at the desired 
level of gust-loading input. 

Prom photographic records, two basic quantities associated with 

the shock wave can be measured: relative distance and relative time. 

Absolute values of these parameters can De determined by correlating 
the relative measurements with highly accurate engineering survey data 

and early fireball measurements. To determine the peak pressure of the 

incident stock in free air from such data, the instantaneous shock 

velocity is determined first by fitting the arrival-time data with a 

smooth curve which is expressed in closed mathematical form. Differ¬ 

entiation of the empirical equation for this curve yields velocity as 

a function of distance. In the region Just beyond the fireball and in 

the free-air region the fitting function for the arrival-time data is 

t (1.1) 

where t ■ time 

R ■ distance from burst tero 
a, b, c ■ constants 

Equation 1.1 is fitted to the data by the method of least sqimtres 

on IBM computer equipsmmt. Upon differentiation, the following equation 



TABU 1.1 . amrnry D»U for TMpot* 

Mot 1 Shot 2 SbOtJ ahnt 6 Mot 5 abot c 
Cod« Nu» «ASP .«w 
D>U 10 Fob 22 Fab 1 Mar 7 Mar 12 Mar 22 Mar ’.CK«Uor (ArM) 

T*7*^ T-J T-9-6 T-2 r-3a 
KUvatlon of Ground l*ro (ft) 

- •'W - 60g6 6021 6691 6OO6 
1 round Znro - Atlatlrt to Alaine 

-mal CD_ 
W6W 

168 
Tuid (rrijß 1.16J3.0Î 2.39ÎC.1 6.05».36 63Í2 »Al*n 1 7 TA*n 9 
Actunl Itoight of Burat (ft) 761 Air JOD Tt>v 300 Ttov 500 Tov 300 Tov 500 Tov 
Ataoaphartc Praaaur* 

Oround Zoro (nb) 
Poe (Ml) 
Burat HaIgbt (ab) 
Pol (pal) 

800 
12.77 
8h6 

12.20 

800 
12.77 
071 

12.66 

076 
12.71 
066 

12.60 

860 
12.60 
960.5 
12.60 

801 
12.70 
072.0 
12.67 

076 
12.71 
071 

12.66 
Air Taup*ratura (Drgraa Cent.) 

Oround Zoro - 
■wat Ha lebt - Tgg 

*3.0 
•606 

-7.8 
•4«2 

-3.9 
3.3 

5.2 
5.03 

-1.0 
7.0 

1.0 
5.0 

Scnlad Halebt of Burat ■ HS*. 
(ITT So« Lavai) 213.6 150.1 139.5 106.2 ?40.2 

BUit Senllne Fnctore 
Dlatonca 3co.Hn« to 1 CT , . 
foo Uval (8«) - (F^lk.TW)1'3 0.Ô96J 0.7112 0.5002 0.2TU 0.6208 O.A0OA 

TU« Senllne to 1 CT So« Uval , . 
(*») • *d f(To« ♦ *73)/293] ^ 2 0.056? 0.6012 0.6057 0.2665 9 6060 0.6670 

(8p) . Ik.T/Foe 1.197 I.I63 1.167 1.166 I.I60 I.I63 

Shot 7 Mot 0 Shot 9 
Coda Naaa ■88 AfTU taASP* ■A F08T 

Location Araa -?j ag 13 
Clavntlon of Oround Uro (ft) 6260 ^309 

?-?•% 

6196 
—LL 

6030 
_LLl__ FF 

1077 

-— Mar. (»)_ 
62V 397Í50V 

—.Ir',1 

TUM (CT)^. 1.2 16.2Î0.5 3.16».16 3.320.6 1.65Î0 07 22.0Í1 
Actual Balfht of Burat (ft) (-) 67 500 Tcm 739 Air 32,502! 

100 Air 
300 Tov 600 Tov 

Oround Uro (ab) 
PqO (pol) 
Burat Halebt (*) 

Pq| (Ml) 

070.9 
12.66 

067 
12.50 
056.1 
12,39 

071 
12.66 

069 
12.32 

002 
12.00 
222 
3.22 

076 
12.69 
062.5 
12.51 

900 
13.10 
»95.1 
12.90 

Oround Uro - Too 
Mr at Halebt - Tni^ 

16.3 9.1 
11.2 

13.6 10.3 
*67.7 

1.0 
IC. 28 

19.5 
10.9 

-Ll rr Saa Uval) _ m - 195.0 675.2 13.192 2Î1.9 irr n 
Blaat Scallac Fnctora 

Dl a tanca Senllne to 1 KT m 0.3901 O.6630 0.6069 0.0373 
TUo Senllne to 1 CT San Uvol , 

(*t) • 8« [(To*. 273)/293] Vi - 0.3062 0.6)60 0.3550 0.0233 0.3617 
Froaaur« scanne to an Ural 

(V • ^-t/Poh - 1.106 1.193 ■♦.563 1.176 1.13a 

S!,“* ^.r. « u. 

1 

• • • • 

• • 

• • • • 
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!• obtained for the Instantaneous shock velocity, U: 

1.5 
U - a 1 4 (1.2) 

A complete explanation of the equation and method of fitting may be 
found In Reference 5. 

The peak pressure of the shock wave can be calculated for values of 
the instantaneous shock velocity by using the Ranklne-Hugoniot relation: 

P s 

vhere P§ - peak shock overpressure, psi 

P0 ■ Mb lent pressure ahead of the shock, psi 

f ■ ratio of specific heats for air ■ l.kO 

U ■ shock velocity, ft/sec 

c0 ■ speed of sound ahead of the shock ■ 10Ô9 Vl ♦ T0/273, ft/sec 

T0 ■ ambient air ta^rature ahead of the shock, °C. 

For those regions vhere shock pressures exceed 100 pel the Rank1ne- 
Bugoniot relation, Equation 1.3, becomes less reliable because of a 
gradual change in the applicable equation of state for air from which 
the relation is derived. In the pressure region from 100 to 500 psi, 
peak pressures are obtained by use of the Hirschfelder-Curtiss tables 
(Reference 9), which are based on the thermodynamic properties of air 
under these more extreme conditions. The tables give (P8 ♦ P0)/P0 
as a function of U/c0 with all the necessary corrections for the change 
in state accounted for (Reference 10). 

1.3 TEST CHARACTERISTICS 

A detailed list of test characteristics required for the various 
analyses is given in Table 1.1, Yields, meteorological data, scaling 
factors, and other pertinent data are presented. 
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Chapter 2 

INSTRUMENTATION 

2.1 ROCKET-SMOKE-ORID PHOTOGRAPHY 

The experlaental technique conelsts of establishing a saoke-trall 

grid behind the burst and taking relatively high-speed (100 to 500 
frames/sec), high-resolution, tlaed notion-picture photographs of the 

burst. The fila records show the locus of the shock front as a function 

of tine. Reflected light fron the snoke trails is refracted when the 

shock front intersects the light path fron the grid to the cañera, 

causing that portion of the trail behind the shock to appear displaced 

fron its original position. Each snoke trail in the grid thus affected 

has the appearance of being broken or hooked. The only purpose of the 

smoke grid is to make the detection of the shock front easier and the 

neasurement of the shKk radius nore accurate; therefore, knowledge jf 

the exact location of the grid Is not required. 

The snoke trails which formed the background grid on Shots 4, 6, 

and 12 were generated by firing sixteen 5-lnch spin-stabiliied rockets 

on Shot 4 and 20 rockets on Shots 8 and 12. Plan views of the rocket¬ 

line layouts for the snoke-grid experiments on these shots are shown in 

Figs. 2.1 and 2.2. Each rocket consisted of a 5-inch Mark 3 Mod 4 

electric-firing rocket motor and a modified 5-inch Mark 10 rocket head 

loaded with 10 pounds of FS chemical smoke mix. The heads were modified 

by drilling thru-holes 120° apart, located a few inches above the base, 

through the wall into the cavity. An Insert, called a scoop, was welded 

into each hole. As soon as the rocket motor was ignited, the entire 

missile was caused to spin and the external nipples of the Inserts were 

sheared off by the rails in the launcher tu»»e, allowing the FS to escape 

into the air to form a dense, white smoke. 

The launcher used on this operation consisted of a 5-lnch Mark 50 

launching tube mounted on a rugged base Mde of 2-inch steel pipe. The 

tube was suspended from the pipe framework by means of a pillow block 

bolted to a plate which was welded to the tube at the center of gravity 

(when loaded). With this type of construction the tube was easily 
elevated to any desired angle. 

Power was supplied to each rocket launcher by a step-down transformer 

(110 volts primary to 6.3 volts secondary) located at each rocket station. 

The primary of each transformer was connected in parallel to the main 
power line, which extended from a centrally located power station to each 

end of the rocket line. Firing of the rockets was completed automatically 

from the central power station by a delay timer at approximately H-8 

seconds. The delay timer was initiated by a -15-second hard-wire timing 

signal provided by Edgerton, Sermeshausen and Orier, Inc. (BOV). After 
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TMLB 2.1 • Ca Mit Corara«# for tofca Poe tat and Dira - ock n>oto«raphf 

Shot 
Station 

Typa of 
Cfeoara 

Effec¬ 
tua 
Focal 
!ao«tb 
(a-) 

total 
■orIt. 
Ooror- 

(ft¡ 

Vertical 
Corara«# 
Abort 
Ground 
(ft) 

Caaara 
Spaed 
(fpa) 

Ancle 
of 

Alara- 
tlon 

( Degree*) 

Aiaioa 
Folnt 

Caaani 
local Lon 

i T-S97 

7*360 

7-J60 

MlUholl 

a 

• 

100.1 

100.3 

99.S7 

8,500 

3,400 

3,600 

100 

100 

100 

3^51 

o^oo • 

0*00' 

<a 

2°oc ' saz. 

8°00'UJt 

853,1148 
678.0(01 
845,216« 
701(,1691 

Direct 
»hoto. 

3 7-357 

7-357 
7-357 

Kiteball 

a 
m 

100.1 

15».» 
152.3 

3,000 

8,000 
8,000 

100 

100 
100 

4o00* 

8045' 
2°63' 

at 

2®20 'L0Z 

853,12*8 
678(,0001 

« 
Direct 
»boto. 

k 6-357 

6-357 
6-357 
6-157 

Kite ball 

m 
m 
« 

36.6« 

50.04 
50.19 
76.03 

18,500 

8.800 
6.800 
5,600 

5,500 

5.500 
6.500 
3.500 

100 

100 
100 
100 

l^V 

5040- 
a°45* 
3015’ 

at 

at 
at 
at 

653,3061 
651t033R 

M 
m 

Hocketa 

6 7-357 

7-357 
7-357 
7-357 

Kltcball 

« 
fl 
N 

IOO.3 

76.83 
74.90 
75.86 

8,300 

3,050 
3,050 
3,050 

100 

100 
100 
100 

0^00' 

tfiOO’ 
<fi00' 
0O00’ 

at 

T®5C'naz 
7®50’Ult 

653,18-4 
6t8(,oooi 

m 
m 

Direct 
Photo. 

S 6-357 

6-357 
6-357 
6-357 

mtciMii 

• 
m 
m 

3^.V¿ ~ 

50.28 
50.19 
74.83 

9,*00 

6,700 
6,700 
6,500 

L 

5.500 

5,800 
6,50c 
3.500 

100 

100 
100 
100 

5^50- 

9o00' 
7° 30' 

at 

at 
at 
at 

653,306» 
651(,0331 

m 
m 

Hockata 

9 7-357 

7-357 
7-357 

Kltcball 

• 
• 

74.90 

IOO.3 
100.0 

3,300 

8.450 
2.450 

100 

100 
100 

5°10* 

4°00' 
fry 

at 

at 
at 

853,124» 
678,0001 

N 

Direct 
Photo. 

10 and 
10 dry 

1-355 

3-355 
37» 

37» 

fa a tar 

Kltcball 
Kltcball 

Kltcball 

251.6 

158.3 
151.9 

583.4 

3,500 

5,800 
7,300 

1,900 

2,600 

6,100 
5,800 

1,500 

500 

100 
100 

100 

81*08’ 

8i0oe' 
42°25’ 

42®25' 

Boob taro 

« 
« 

• 

631,635» 
67»t33«l 

795,962» 
674(,9801 

Saoke 
Orld 

12 37» 

37» 
37» 

F-362 

r-3te 
r-360 

9.m 

9.1c 
9. in 

9.111 
»9.113 

Kltcball 

Kltcball 
• 

»aatax 

Kltcball 
« 

• 

m 

m 

m 

151.9 

249.6 
583.4 
158.1 

100.1 
99.1 

99.31 

158.3 
100.0 

158.3 
99.8 

1.900 

2.900 
1,900 

2,400 

1,600 
2,400 

1,600 
1,900 

5,700 

6,100 
3,300 

100 

100 
100 
500 

100 
100 

100 

100 
100 

100 
100 

00°00’ 

0O°OC' 
00°00' 
oo®oo’ 

00°00’ 
00°00' 

00°00’ 

OO*^’ 
00°00’ 

00°0C’ 
00°00’ 

oz 

at 
at 
at 

at 
20°45'LfiZ 

U°20’MZ 

17°0C' * not 
nojo'UE 

ITOOO’UK 
5°45,UJt 

795,962» 
674.9601 

• 
745,844* 
703(,9511 

738,343» 
713.0271 
744,262» 
705.9601 

768,250» 
705(,9971 

736,257» 
715,9991 

Rocket* 

Direct 
Photo. 

a delay of approxlaately 7 eeconde, the delay timer completed the circuit 
to the main pc wer line, causing 110 volts to be applied to the primary 
of each transformer. The rockets were fired simultaneously in this 
manner. Pig. 2.3 shows the rocket-line firing circuit. 

The principal region of Interest on Shots k, 8, and 12 was the free- 
alr region directly above the burst point. For this reason the smoke 
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gri l VHP cod'* mtrated in thnt vicinity. Hila vas accoapllahed by firing 
the asolee rocket» in a criaa-croaa pattern, such that the tralla appeared 
to intersect in a vertical plane directly above the burat point (see 
Fig. 2.k). The casera atatlona vert installed and operated by BG&Q 
according to WOL apee if icat lona. ‘Pable 2.1 liât» the photographic detail» 
for all shots in which Project 1.2 participated. 

The photographic recorda obtained in conjunction with the »soke 
grids were enlarged on a direct projection Reordak. Breaks or hooka 
in the saoke tralla indicated the position of the ahock front on each 
frase. Knowing the effective focal length of the casera lens and the 
distance to the plane of neaaurenent, the distance scaling factor was 

TABUE 2.2 . Mia Calibration Con.tant. 

Shot 
»0. 

Mia 
Ho. 

OlatMc. to 
Mac. of 

MM.UT<MW0t 

(ft) 

Dl.taae. Stalin* 
on Tracing (langa 
Ungalflad 19 TU».) 

Spaad 
of 

Cnaart 
(fpn) 

Tlaa 
Mr 
fmaa 
(••c) 

Eatnbllahnani 
of Abaoluta 

Tlaa 

1 28061 9,846 1m - 6.074 ft 100 — ... 
k ?8l8j 

28184 
18,690 
18,690 

1M • 13.104 ft 
I» - 19.492 ft 

IOI.O3 
99.01 

O.OO9898 
0.010100 

lat Praaa . 2.58 aa 
lat mat . 9.95 at 

6 28)81 
20004 

9,572 
9,572 

Ijh a 6.609 ft 
U» a 5.006 ft 

100.91 
99.70 

0.00991 
0.01003 

lat mat • 8.40 m 

8 28202 
28284 

13,216 
13,320 

1» • 13.774 ft 
1* • 9.J13 ft 

IOO.81 
101.11 

0.00992 
0.00989 

2nd maa ■ 10.70 an 
2nd mat • 11.25 an 

9 29384 10,220 1» a 5 312 ft IOI.32 0.00987 lat mat - 9.32 m 
10 20980 32,934 lM a 6.856 ft 650 — Ut maa - 1.55 ~ 
12 

•Ab". 

20381 
28302 
28283 
20307 
20309 
28390 

12,056 
7,914 

10,020 
9,943 

64,451 
64,451 

1* a 5.797 ft 
1* a 4.154 ft 
1* • 5.228 ft 
1m a 5.178 ft 
Imt - 13.236 ft 
1— - 5.797 ft 

101.95 
IO3.09 
102.88 
92.76 

101.42 
101.01 

0.00980 
0.00970 
0.00972 
0.01078 
0.00986 
0.00990 

lat maa - 7.32 aa 
aaa 
lat maa . 1.00 na 
lat mat . 5.15 >• 
lat maa . 7.42 aa 
a 

** n*» fra*., »arlad ovar Radon of Intaraat. 
Absolut« Tina Obtalnad by Coapar 1.on with Mia 28387. 

determined. Also recorded on the fils was a 200-cycle timing signal 
so the time for each frame was determined. (Table 2.2 lists the 
calibration conatanta for all films from which data were obtained.) 
Chock-wave time-of-arrival data were then measured for each frame; from 
these data the instantaneous shock velocities were determined and peak 
overpressures calculated aa a function of distance (see Section 1.2). 

Instrumentation for the smoke-rocket experiments on Shots k, 8 
and 12 operated successfully. Of a total number of J2 expected trails 
only three failure» were encountered. (The 72 expected trails include' 
a premature firing of all 16 rockets on Shot k as a result of a spurious 
signal delivered to the rocket line firing circuit at approxl^tely 2 
hours before zero time. However, the shot was postponed, because of 
adverse weather conditions, and the rocket line was reloaded and fired 
again on shot day at the proper time.) One of the failures was attributed 
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î“i r 

Figur* 2J. Rocket photography layout, Shota 4 (T-2) and 8 (T-4). 

camera 
STATION 

F 362 

743. 826 N 
703,937 E 

3,080 EL 

figure 2,2 Rocket and direct abock photography layout for Shot 12, 
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transfoumcr BOX 

SQUIB 

Fi«ur» 2.3 Hoc Job t lln* firing oirouit. 

ROCKET 
NO. 

ANGLE Of 
ELEVATION 

Eiring 
TIME 

1 •0* 
2 SO* 
3 so* SI 
4 so* • 
9 so* • 
6 so* ■ 
T 70* ■ 
• TO* • 

» # TO* « 
# 10 TO* SI 
# II TO* H-SSCC 
'* 12 TO* • 

IS TO* • 
14 TO* • 
19 SO* ■ 
16 so* ■ 
17 so* * 
IS so* • 
IS so* • 
20 

—_1—1 

* TRAILS ®, 10, II, ANO 12 
ANÍ NOT PBtSfNT 
ON SHOT 4 

3000 

T 6000 

5000 

4000 

k. 
3000 - 

2000 

1000 

•000 QZ 1000 2000 3000 

RANGE(ET) 

Figure 2,4 Saak* rocket grid for Shot* 4, 8, and 12. 
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to a defective rocket motor, which failed to fire. The other two rocket* 
fired but failed to emoke, probably because he launcher rail* did not 
shear off the external nipple*. Two of the three failure* occurred on 
Shot a; the other on Shot 12. However, the grid* produced on theee shot* 
were adequate. All of the camera* operated, and excellent photograph* 
were obtained on all three shot*. 

2.2 HIQH-ALTITTJPE SMOKE QFID 

The high altitude shot, Shot 10, introduced the problem of how to 
fora a background smoke grid for the free air shock photography experl- 

*6,000 FT MSL 

38,000 FT MSL 

VERTICAL LAYOU 

DROP A/C 

RELEASE" 
POINT 

SMOKE GRID A/C 

36,000 FT MSL 
-OB0MB ZERO 

ALL SMOKE GRID A/C SHOULD ARRIVE AT THE VERTICAL 
PLANE CONTAINING BOMB ZERO APPROXIMATELY 17 SEC PRIOR 
TO THE ARRIVAL OF THE DROP A.C AT THE POINT OF RELEASE 
SMOKE GRID A/C CONTINUE SAME FLIGHT PATTERN TO M * SO SEC 

HORIZONTAL LAYOUT 

-«©BOMB ZERO 
T 400 FT 

SMOKE GRID 
A/C SEPARATED 

“► BY INTERVALS 
OF 400 FT 

SMOKE GRID 

ESTABLISHED 
FROM M-83 

SEC TO H-35 
SEC 

Figure 2.5 Deployment of emoke grid A/C, Shot 10. 

ment. Since the «tandard smoke rocket* normally used could not reach 
the de*ired altitude, it was necessary to employ some other means to 
produce the grid. A review of the problem indicated that two types of 
grids could be used. Either the grid could be vertical, in whicn case 
the smoke trails could be formed by dropping smoking missiles from air- 
raft at a higher altitude than the burst, or it could be horizontal, as 

formed by horizontally-flying aircraft releasing a smoke-producing agent 
(similar to skywriting techniques) to make a horizontal grid above the 

SMOKE y 
GRID A/C “S 
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bomb bur»t. Th« Iatt«r aethod was decided to be tL, aoit reliable fro« 

the technical etandpoint In view of the uncertainty of buret position. 

The grid was to be elallar In fora to thoee generated by s«oke 

rockets on past atóale tests, l.e., a strulght line grid. The proposed 

grid lines vere to be spaced at 400-ft Intervals. 1b establish the 
grid, the aircraft vere to fly into the wind (vlod expected fro« 290° 4 
15°) at an altitude that vas fixed 8,000 ft belov the "drop" aircraft.’ 
(The boab vas to be burst at an altitude 10,000 ft belov the drop 

altitude, thus fixing the saoke grid 2,000 ft above the buret.) Each 

saoke aircraft vas to venerate a saoke trail along a horltontal line of 

CAMERA I 795,953 N 
STATION I «74,972 E ■ .V»* I V • -V, V r C C. 

372 4,715 EL 

Figure 2,6 broke grid photography layout« Shot« 10 sod 
10 dry run (Area 5), 

flight for approximately 50 sec, beginning at H-83 sec and continuing 
to about H-35 sec. The saoke trsils would then extend about 10,000 ft 

to each side of air zero. Fig. 2.5 shows the Intended position of the 

smoke gri- at bomb-release tlae. Caaeras located on the ground vere to 

be aiaed vertically upward, and high-speed notion pictures of the ourst 

vere to be taken. (Fig. 2.6 shovr the camera plan layout for Shot 10 
and the Shot 10 dry run.) 

The responsibility for developing and testing suitable saoke 

generators, Installing the« In suitable aircraft, training personnel 

for the Operation, and establishing the desired saoke grid during the 

Operation vas assigned to the k925th Test Group (Atóale) of the Air 

Force Special Weapons Center, Klrtland Air Force Base, lev Mexico. 

Specifications as to length, density, and persistency of the saoke 
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•UWlI*,í 40 ^ ,,9e5th T,,t 0rouP »y th. Raral Ordnance 

Jí? !***“* f»r producing enoke vert dereloped, tested, and nade 
recocí ,1 “Î rlD< th* ?I>*r*Uon- («•«'•rence » le a detallad 
rtport of the.« develojaent..) In one, atoelzed Corrí, oil 1. inl.cted 
Into the Jet exhauat of each aircraft to produce the trail. (The oil 

* ÎLTmTAÏ?6 h0t ln A, free... IZrtiy iSîÂ 
fon* a bluish-white moke.) Thia technique was to be used whether 

r ^118 V#r# b*lD€ f0ri“d Mturally o** oot to assure a 
ïêh^îiî' trÄl1* A* ä ^ck-up to the oil-injection apparatus 
bt ïh! ^8 #qUippe<1 vlUl • comercial svke generator ^uced* 

y the Del Mar Corporation of San Francisco, ftiese generators used 
har^B of tltanlua tetrachloride in capsule for«, each capsule capable 

of generating saoke for 6 sec. Enough charges could be inserted t¡T 
generate a continuous trail for 30 sec. 

.... ^108. w 0p«r,tloQ. ««i« «irernft «ere used to produce the enok. 
!hi ; °“ »-‘‘T wee used a. a ne.ter guide or reference point upon whlcl 
the renalnlng eewen aircraft (f-SV. and f-36'.) baeed their portion, 

. .~,Sn t?* f“4 l? 1117 COKl»neatlon trail, were very evident and 
Vf** r4.*, PT»l«f..t trail. ». produced. Bo..v.r, an erroî In 

(fíri^ to Pll°4* ,P*C,d ^ 4r*1U “«d. lnt.r»l. 

ranging ^ £ÎT” 4r*11* "* “««darably better ng ng fron 200 to oOO ft, but In noit case, vms excessive. 1¾. 
«blent condition, at th. altitude of th. e»k. grid «»"ich tLt goo 
condensation trail, «ere not produced. The grid ». not eatlefactory 
“f “ <“• «■> the analyels of the fil». îh* £í. 
. ali» Mde by the aircraft appeared as a earlee of very light dle- 

con ^ !f “*• rl«- 3-32). »0 hook., brenkfoi dU- 
i11*8' :uch fta th0,c ob,enred the shock front propagates in 

b^í grld COUld b* dl»tingul.hed fro« the Sütural 
' . "fl in the trail. Undoubtedly these natural breaks occurred because 
of the method used to deploy the saoke. 

nhoto^ü? 4h! î“15™1* of shot 10 rorord. ». done by direct .hod 
P tography, and because of the lack of contrast on the fils, it ». 

tnrüt^f1'"14,,40 de4,ct the ,hoct * .light iTificit™ 
ï Í normaHy used for the analyele of the flln, ». nece..ery 

»telv 2? tínrÍ”* th* 7°.ífCttÍ of “o “!■ (nagnlfled ap^ 
bv tZmí U‘*,°í he RK:ordRk aQd tracing the .hock front fr« 

j ‘i í1 Prlnt' V*r* AAda or each fra» of the flln, the 
Ûfhfinî îh "* 'ippr011**t'lj' ,1U »«"TO- By »rylng the Mount of 
îhiS côôîd et 'tf3!'11'! î1*”' U w‘* Puaalble to obtain better contrant 
fïttt ttí d t °t^,ln'd î" th* «ec01*dak. On those fri», «here the ehocl 
front ». detectable out.lde of the fireball region, the dlueter of th. 
shock ». neaeured and the growth of the shock front a. a function of h 
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STATION T-9B 
I 865.221 N 
I 608.506 E 

1853.109 N 
1677,969 6 

AIMING PT 

500’EGZ 
500'WGZ 

rigun» 2.8 Shot 3» o«wra plan layout for dlraot shock 
photography. 

tino vas obtained. The rest of the analysis followed the procedure out¬ 
lined In Section 1.2, 

2.3 DIRECT SHOCK PHOTOGRAPH! 

This project also Instrumented five shots with direct shock photo¬ 
graphy, Including :'hots 1, 3# 6, 9» and 12. The instrumentation for the 
direct shock photography Included a number of high-speed 35-mi Mitchell 
cameras operating at 100 frames/sec and a few 35-ms Fas tax cameras 
operating at approximately 500 frames/sec. Each camera vas equipped 
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854,124 N 
7-IA 68 7,504 E 

4.240EL 

CAMERA 
STATION 

BLAST 
LINE 

CAMERA FOCAL LENGTH AIMING PT 

100 MM 
75 MM 

75 MM 

75 MM 

GZ 
GZ 

1300'S 

1300'N 

853,124 N 
678,000 E 

4,140 EL 

Fi^ur« 4..V ¿hct 6, dlp»ct shock photography layout. 

With tfa« neceseary apparatus to provide tiaing nark, on the fila Thm 
c«,r.. v.« loc.ted .nd .Ued «, that mi ccr.r»*, Ôï.r îh. «¿lo» of 
graateet interest vaa obtained. Ihe caaere actions again were installed 
.nd 0P*™t.d bi EG4G .ccordlog to BOL .p.clfle»tlon.. Figur». 2.2,^ 
2.8, 2.9 and 2.10 .how th. plan Ujrout for tb. dlr«t photographic ’ 

«1«^!* Table^.l^10“ ,h0t’‘ Photo*r,Phlc a»t*^ f» aach Shot ar. 

Tracings of the shock contours near the surface were eerie hv ^.rt 
projection in the Recordak. With tiaing and distance scales obtained 
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N — 
STATION T7-4 

CAMERA 

0 
® 

Fi^ui^ ¿.10 Shot 9* caaora plan layout for direct shock 
photography, 

of ^ ‘p*c*-u*’ 0f u.. incwant, 
«íh 'ï0?* ï°r* “*• dlr,ctl)r tnm «“ tracings. H* 
üw ír1«’1* P°lnt “a prscursor formation and grovth van alto 
Measured in the saae Manner. 

Some of the photographic records were lost or partially impaired 
either because of overexposure of the fila, ae on Shots 3 and 12 or 
becauee of the Allure of the tining apparatus on the cameras, a¿ on 
Shot 1. Much useful inforaation was obtained, hove%er, and in the 
opinion of the authors, the objectives were met successfully 
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Chapter 3 

RESULTS 

hv .hlï Photographic ra.ult. obtained by thl. project are reported shot 
In 'xcell'nt reeulte, both In the free-alr region and 

along the surface, were realised on aoet shots. Those cases In which 
ca«r.. or tlalng instrumentation failed were at a alnl^ Ind tie 
îühî'TS h“0"?1’•*“«■* of tu« erperiaentsl objectlwes was not lapel red. 
Ifbth 11‘t’ th* f11” “'’‘o111*'5 on ««h shot and gives an Indication of the data extracted froa each. xnaicanon 

3.1 SHOT 1 

rm J1!** iirtcl *hoc]L Ptotograp&y alon« the ground vas obtained 
?" th‘! ‘h?1;. However, failure of the tUlng equlf^nt resulted In the 
loss of all tlalng data on the filas and all other data can only be 
given with corresponding approxlaate relative times. 

. dAtA 0f the lncldent »hock along the ground northeast 
and southwest of ground tero v«re neasured on Film 28881. Figure 3.1 

Í !dPlaïe 0f mwrmÊnt for this film. A comparison of these 
à*** 10 b0*** »l^e» of ground tero Is shown In Fig, 3.2. 

The distance data plotted In this graph are listed In Table 3?l and are 
given as a function of frame number Instead of time. Since the speed 

». ™nC£?«,T ^roXl*at^y 100 the tla. between fr». 
1° "ec- an approxlaate tlae for each fraas was 

^1U,’1Í ?8 Í?? fr*“, ’*r by th' factor 10- ’“•e accuracy of time measured In this manner Is difficult to determine but Is 
probably better than £ 5 percent. 

11 1» aPP*rent froa Fig. 3.2 that the arrival of the initial dis¬ 
turbance at a given distance to the northeast of ground rero was 

ÎSc^toVrîm « thi»ou«n'»*t of ground tero over a ground range from 
to nttrlbuted to a slight thermal .ff.ct observed 
to occur to th« northeast of ground tero (see Mg. 3.3 for an actml 

l^ZT m<,D tTOm «1» 28881). Thi. theraal .ff^t, 
observed on one side of ground tero but not the other, was probably 
caused by the presence of a sufficiently heat.d layer of air over an 

* ??' of a,ph»U ln th' T-7 area to the northeast side of 
ground tero. The aore-hlghly reflective area to the other side of 
ground taro was apparently Incapable of causing the air above It to heat 
up sufficiently to produce the effect. 

3.2 SHOT 3 

th. imexpecUd hlÄh ï1*1* of thm Shot 3 device, all of 
he direct shock photography films were heavily overexposed, and few 
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H STATION T7-4 

oo 

CAMERA STATION T-357 

IA5&II6N 
I 677,946 E 

Figur« 3.1 Shot 1, Plane of Measureaent for Direct Shock 
Photography, Fila 286dl. 

TABU 3.1 • Shot 1 - Tla* of Arri*»l of Uw Initial 
Dloturbaoc* Al> o« tho Oroaal 
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Figure 3.ii Shot 3, Fbotograi^B taken froa Fila 28681.
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N 

0 53,397 N 
65MI0E 

horizontal layout 

-AZ 5j000' EL 
■GZ 4<492‘EL 

VERTICAL LAYOUT 

Figur« 3.5 Shot I», PUM* of MMsur«Mnt for fiaok« Rocket 
Photography. 
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w 

• • • • 
• • 

» - 1,090.365 

b • 1,507.918 

c • 0,X>!i585 

■n>OM Constanta art salid orar the .„tira ranga of froa 600 to 3,000 ft. •" 

of tba^Ä.^ b^ÍoloSr^r ?n 0bUlati aobatitutlon ■' 
lated fro. nt° ^ and the relocitie. vert «den- 

• • p * 

U - 1090.9 [ 
1.5 

(3.1) 

of tie Tolocltlea1asfaefu^tJonlóf*dietaí11 F1«ur* 3.8 la a p 
1° the Ranklne-Hugonlot eq¡2tto!‘ ,t1lt“tlon of «»• 

•bod overpre.Hure, were ^tedT.'MoTtfduLct ^ 

dirac^toro^/ïr^n^.1^^^^““^ 1» «>. rartla 
/ u*e wyln« aab lent atvepherj 

39 

% 



4 

conditions ahead of the shock for each radius at which pressures were 

calculated* Measurements of Pq and T0 (ambient pressure and temperature) 
were made at various altitudes. C0, the sound velocity, was calculated 
by substituting the value of T0 in the equation for the sound velocity 
given In Section 1.2 following Equation 1.3. fig. 3.9 is a plot of P0 
and C0 as a function of altitude and the ambient conditions ahead of the 
shock were determined from this plot. The peak overpressures, Instan* 

Figure 3.8 Shot 4, Free-Air Shock Velocity versus Distance. 

taneo’is shock velocities, distances, and the ambient conditions (P0 and 
C0), for Shot 4 are given in Table 3-3. Fig. ?.10 Is a plot of the peak 
shock overpressures as a function of distance from the weapon, 

One project objective on Shot 4, It will be recalled, wa* to deter¬ 
mine whether the Incident and reflected shock waves coalesced above the 
burst. While the records were being examined to obtain the Incident 
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3.3 Shot 4 - Ptbmuj«, Volocltj, Diauao« Uu la tr— Air 

DUUjic« 
« (ft) 

Shock 
Velocity 
U(ft/»«< ) 

Sound 
Velocity 

C0(ft/««c) 

Aablent 
Pr«««ur« 

Shock Over- 
Preecure 
7« (Hi) 

600 

I00 (too 
700 

1,000 
1,100 
1,200 
1,300 
1,600 
1,500 
1.600 
1,700 
1,000 
1,900 
2,000 
2,100 
2,200 
2,tOO 
2.600 
2,500 
2,600 
2,700 
2,600 
2,900 
3.000 

5.637.1 
M39.a 
3,913.« 
3.656.6 
3.110.6 
2,861.7 
2.627.5 
2.653.6 
7,110.3 
2.190.6 
2,086.9 
2,002.2 
1.927-3 
1.862.1 
1,605.0 
1.756.6 
1,709.9 
1,670.0 
1.636.1 
l,t0i.9 
1.572.7 
1.566.2 
1,522.0 
1,500.0 
1,679.6 

1,099.8 
1,099.6 
1,099.6 
1,099.2 
1,099.0 
1,096.8 
1,096.6 
1,096.5 
1,096.3 
1,096.1 
1,096.0 
1,097.8 
1,097.6 
1,097.5 
1,097.3 
1.097.2 
1,097.0 
1,096.9 
1,096.7 
1,096.6 
1,096.5 
1,096.3 
1,096.2 
1,096.0 
1,095.9 

12.10 
12.07 
12.02 
11.96 
11.96 
11.69 
U.85 
11.80 
11.76 
11.72 
U.67 
U.63 
11.59 
11.55 
U.5I 
U.67 
11.62 
U.39 
U.35 
U.3I 
U.27 
11.23 
U.19 
11.16 
U.12 

367.3 
236.6 
166.3 
127.0 
99.1 
79.7 
66.6 
55.5 
*6.9 
60.8 
35.7 
)1.6 
26.1 
25.3 
23.O 
20.9 
19.1 
17.5 
16.2 
16.9 
13.9 
13.0 
12.1 
U.3 
10.6 

•bock data, tbe position of th« rtf lee tad vara va« «ought without 
•ucea««. Ilotlca of a alight Jog In the Incident wave arrlral-tiae 

♦¡¡Tl! 2»550 ft flMdlJr ^ to the detection of what la 
thought to have been the reflected wave. Arrlral-tlae data for thla 
wave were obtained over the range froa 1,800 to 2,525 ft vertically 

TABU }.h - Shot h - Absolut« Tl«» of Arrl*«l 
of BoflocUd Shock In fro# Air 

Dlateace 
tram Burat 

(ft) 

Tlaa 
(aw) 

Pila i 
1,816.169 
1,662.910 
1.9P9.7U 
1,966.187 
2,036.917 
2,087.596 
2,136.377 
2,173.36! 
2,216.295 
2,259.126 
2,296.212 
2,333.196 
2,376.129 
2,626.809 
2,659.896 
2,691.061 
2,526.238 

»8186 

0.757350 
0.767*50 
0.777550 
0.787653 
0.797750 
0.807650 
O.617950 
0.628050 
0.838150 
0.866250 
0.856350 
0.868650 
0.878550 
0.868650 
0.698750 
0.906650 
0.916950 

above the burat. These dava are given In Thble 3.k and are plotted ' 
betveen 2» 525 end 2,550 ft, the Incident and re^ 

app*rectly COAl#BCtd OT«r » horizontal range of approx^ 
Ä 2 ^ t\T¿lU 0f í1" the*burst ^ öeyond the 2,525 ft distance, only one wave could be detected. 

e ee e e « 
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Although it vaa difficult to detact the reflected wave above the 
fireball, the lover portions in the vicinity of the triple point could 
be aren distinctly. It vas found possible to trace nearly the entire 
outline of the reflected vave fro« the triple point on one side of the 
burst to that on the other. (The rocket saoke grid proved to be c 
little use in locating the vave in the region above the burst.) The 
contour of the reflected vave is ahovn in Fig. 3.11 as it appeared at 

C0, SOUND VELOCITY (FT/SEC) 

P0, AMBIENT PRESSURE (PS!) 

Figure 3.9 Shot k, Sound Velocity and A«blent Pressure 
versus Altitude. 

the tl«e of coalescence. Fig. 3.12 shove a fra«e of the filn record. 
Only the incident shock is outlined clearly by the saoke grid. 

A perplexing observation that aust be reported is that the 
reflected vave vas found to travel vlth a velocity of fro« 3,500 to 
k,000 ft/sec in overtaking the incident shock. A shock traveling vith 
this velocity in the aedlu« believed to exist behind the incident shock 
would be expected to have a peak overpressure in excess of 100 pel, 
according to theory. let all other evidence indicates that such a 
strong shock vas not present. For exaaple, no definite hooks or breaks 
were observed in the saoke grid other than those caused by the incident 
vave. Also, at the distance corresponding to that at which coalescence 
is indicated, the incident shock pressure was only about 12 psl. The 
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^ » c°«P*r*tlT.lj weak .hock by on. about tight tla.. 
M etrong would have re.ulted In a aark.d Incraaaa in the rajctty 

larke0^îlcît»fr>nt’ bUt 00 J“î **“* «"»»lí ludlcata^a 
rg. velocity Incraaae appeared In the arrlml-tlae data, finally 

J"1p V'ak reflected wave preesuree were recorded by the canl.ter gúes 
of Project 1.1 (Air Pore, (bridge R..«rch Cent,?). l¿TfIcî tuT 
theee aeaeureaente were aade where the Incident ehock waa of the order 
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figure 3.11 Incident and Reflected Ware Contours.
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figure 3.12 Shot 4, Photograph of free-Alr Incident Shock 
2,290 ft froB Air Zero at t - 0.757 sec (Pll* 28l84).
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of 9 p*l and below, a« well as being located off to the aide of the 
buret rather than directly abore it, haa little bearing on the argument. 

Ho aolutlon to thle apparent paradox haa been found to date. All 
that can be eald la that If the reflected wave front obaerved optically 
vae real, for which the evidence la atrong, then the aeeuaptlona aade 
concerning the condltlona believed to exlat behind the Incident ahock 
were In error. There la no other aource of error which would account 
for the difference between the calculatlona and the obeervatlona. For 
practical purpoaea It auat be concluded that the calculated reflected 
wave preaauiea are in error. 

The aecond purpose of the project waa to detenalne the value of 
the peak overpreeaure In the coaleaced wave; and further, to predict 
what the peak overpreaeure In the coaleaced wave would be on the 
almllarly oriented Shot 12. The Incident ahock preaaurea beyond the 
2,550 ft diatance, preaented above, are to be conaldered aa thoae for 
the coaleaced wave. 

To predict what preaaurea one eight expect, following coaleacence, 
for another en«gy yield, auch aa for that of Shot 12, It waa decided 
to determine what Increaae In the yield of Shot k would have been re* 
qulred to give the aaae Incident ahock arrival tlmea and preaaurea aa 
thoae obaerved on Shot 4 after coaleacence. An average value for thla 
auppoaed yield waa obtained by comparing the Shot 4 arrival-time and 
preaaure-dlatance data point by point, with thoae of the corresponding 
compoaite free-air curvea (Ref. 6) for a 1-KT device at aea level and 
averaging the reaulta. 

Flrat, the Shot 4 arrival-tlise data were scaled down from assumed 
yields between 45 and 50 KT until the composite arrival-time data were 
bracketed. Then by extrapolation and a aerlea of approximations, the 
apparent yield of the Shot 4 weapon was obtained for various distances 

from air zero. Table 3*5 lists the yields obtained in thla manner. 

The preaaure-dlatance data were scaled to aea level sind compared 
with the compoaite pressure-distance curve In a similar fashion. 
Distances for the same pressure level, from Shot 4 and the compoaite 
preaaure-dlatance curve were found, and with the relation 

JL JJï.\3 

wi 1 h I 
where, 

V1 - 1 KT, 

■ distance read from compoaite curve for a given 
pressure 

w2 ■ yield for the Shot 4 weapon at that pressure level 
R2 » distance read from the Sho* 4 preaaure-dlatance 

curve, same pressure level 

the apparent yield for Shot 4 was found. These data are also given In 
Table 3*5> Figure 3*13 1b a plot of the yields obtained by both methods. 
Proa this analysis It was concluded that after coalescence occurred, the 
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coiilenced wave corresponded to that which would have been produced noraally 

at the same distance fro* a yield of l.l6 W, i.e., fro* a weapon yield of 
l.l6 X U3 ■ 49.9 KT, prior to coalescence. 

Measurements of the shock phenomena occurring near the ground were 

also made to s limited extent. Ibese data contained a much larger un¬ 

certainty than Is generally realiied when the photo-optical technique 

of direct shock photography Is planned for In advance. On Shot 4 the 

experiment was designed primarily to obtain free-air data. Purtheraore, 

a rise In the foreground between the camera and ground tero obstructed 

the view of the area in the vicinity of ground tero on both sides, 

particularly to the northwest side of ground tero (see Pig. 3.12). As 

a result, all measurements made at ground level had to be extrapolated 

to that surface. 

Ihe time of arrival of the precursor formed on Shot 4 was measured 

to the southeast of ground tero. These date are given In Table 3.6 and 
plotted In Pig. l.lk. Only fragmentary precursor data could be obtained 

on the northwest side of ground tero, because of the obstructlcn in the 

foreground. 

The height of the triple point aa a function of ground range Is 

given in Table 3*7 end plotted in Pig. 3»1*5» Measurements were made on 

both sides of ground tero and extended out to a ground range of approxi¬ 

mately 2,800 ft on the northwest side of ground tero and 1,000 ft on the 
southeast side. The smoke grid produced for '¿he free-alr measurements 

formed a background grid in the field of vie» of two cameras aimed from 

Station 372 and extended the useful field of view in which the triple 

point could be detected by approximately 1,000 ft on thf northwest side 
of ground tero. All measurements of the triple point trajectory have 

been assigned an uncertainty of Í 5 percent. 

3.4 SHOT 6 

Excellent results were obtained from the direct shock photography 

films on this shot. Along with the shock phenomena occurring near tbs 
ground, a high-speed Jet was observed to blow out of opposite sides of 

the fireball. Figure 3.17va) shows this Jet Just after its appearance. 

The velocity of the Jet was extremely high (faster than the shock Just 

after breakaway) and ranged from approximately 12,'OCX) to 5,000 ft/sec 
0 rer a distance of from 500 to 900 ft from the center of burst. Figure 

3.I8 Is a plot of the arrival time of the most-extended portion of the 
Jet and the front of the Immense cloud of gases, both of which were 

propagating faster than the free-air shock. Since the Jet was symmetrical 

about the center of the Shot 6 detonation, it was attributed to the 
internal geometry and method of detonation of the weapon. 

A precursor was formed over the desert and asphalt areas, and 

arrival-time data were measured from Pilma 2808I and 20084. Figure 3.I6 
shows the plane of measurement for both filma. These data are given in 

Table 3.8 and plotted in Pig. 3*19. The precursor over the asphalt area 

was markedly different from that formed over the desert area. Figure 

(Continued on Page 52) 
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TiäU 3.6 - Shot 4 - Ti*» of Arrival of Pracuraor 
Alan* Ground SouVteaat of Ground imro 

Ground 

sr 
Tino 
(9«c) 

Ground 
«anno 
(ft* 

Tin. 
(9*e) 

Ground 

Sr 
Tin. 
(9oe) 

Ground 
Raneo 
(ftT 

Tina f So«) 

105Î 
1339 
1422 
1483 
1472 
1474 
1614 
1601 
1603 
1667 
1638 
1776 
1748 
1739 
1785 
1815 
1869 
190« 

.16098 

.24018 

.25008 

.25998 

.2699« 
.2797* 
.2896« 
.299?« 
.309-48 
• 31'/3v 
.3?928 
.33918 
.3490« 
.3589« 
.36888 
.37878 
.3886« 
.39858 

1943 
1915 
1952 
1993 
2064 
2052 
2076 
2072 
a?3 
2169 
2167 
»88 
220« 
2201 
2254 
2267 
226« 
2284 

.408(.8 

.41838 

.42828 

.43«lt 

.44808 

.4579« 

.46788 

.47778 

.48768 
.4975* 
.5074« 
.5173« 
.52728 
.53718 
.54708 
.55698 
.56688 
.57688 

23Î9 
7359 
2399 
2407 
239« 
2403 
2474 
2521 
2407 
2496 
2503 
2562 
2597 
2567 
2654 
2656 
2652 
2728 

.58668 

.5965« 

.60648 

.6163« 

.6262« 

.63618 

.64608 

.6559« 

.6658« 

.67578 

.68568 

.69558 

.7054* 

.71538 

.74508 

.7549* 

.76488 

.7945* 

«Un HZ7— 
1388 
1608 
1686 
1742 
1784 
1881 
1885 
2066 
2113 
2154 
220? 
2244 
?339 
2382 
2417 
2485 
2557 

28181. 
-~.77K*- 

.25235 

.27255 

.30285 

.32305 

.35335 

.37355 

.40185 

.42405 

.45435 

.47455 

.50485 

.52505 

.55535 

.57555 

.60585 

.62605 

.65635 

TABU J.7 - Shot A - Bolaiit of th* Triplo Point 
M o Puactloo of Ground Ran«o Rorth- 
*o«t and Soutbooat of Ground loro 

Ranea 
(ft) 

BolAbt 
(ft) 

Ground 
Ranc* 
(ft) 

Batgh. 
(ft) 

■ortl 

805 
852 
961 

1,071 
1,097 
1,140 
1,280 

j-a 1, ¿00 
1,317 
1,334 
1,357 
1,522 
1,524 
1,635 
1,696 
1,708 
2,093 
2,252 
2,473 
2,633 
2,803 

tmoat 

43.6 

132.9 
131.8 
140.9 
211.0 
244.7 
246.7 
259.0 
248.0 
297.6 
336.3 
399.4 
406.3 
440.5 
503.2 

¡2-Í 
“.7 
942.2 

1,066.5 
1,171.9 

I 
' 

_
 

haaat 

80.4 
138.5 
176.2 
224.2 
201.7 
386.4 
397.5 
528.9 
505.2 
581.6 
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Figure 3.16 Shot 6, Plane of Meaeuresrat for Direct Shock 
Photography FIIjui 2808I and 28o8^.
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Figure 3.17 Shot 6, Photographs of Blast
51

(FllB 28081).
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3.17(b) »howj the precursor foraed over both areas. The angle which 

the front of the desert precursor made with the surface was greater and 
it»j velocity along the ground less than the corresponding values for the 
precursor over the asphalt. This difference in velocity of the precursor 
fronts is readily observable in the arrival-tine curves shown in Fig. 

Figure 3.I8 Shot 6, Tiae of Arrival of Fireball Jets. 

3.19. The angle that the precursor front made with the surface over both 
areas was also measured and is plotted as a function of ground range in 
Fig. 3.20 and given in Table 3.9. 

The triple-point trajectory could only be measured over the desert 
area to a height of 250 ft. The dust rising behind the precursor over 
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the asphalt area obscured all shock foraations near the ground. Figure 
3»21 iß a plot of the height of the triple point as a function of ground 
range over the desert, and these data are listed In Table 3.10. 

3.5 SHOT 6 

The arrival-time data for the free-air incident shock for this shot 
were aeasu *d in the vertical direction on Films 20282 and 2020¾. (See 
Fig. 3.22 for the planes of measurement for these films.) Ihe photo¬ 
graphic details for these films may be found in Table 2.2. Absolute 
time for the film records vas again determined by plotting the first 
data point from the NOL films on the curve representing flreball-grovth 

data supplied by EGAG (see Fig. 3«23). The arrival-time data are plotted 
in Fig. 3.2U and listed in Table 3.11. The statistical fit to the arrival¬ 

time equation over the range from 300 to 2,500 ft vas found by the method 
described in Section 1.2, and the resulting constants are: 

a . 960.105 

b . 1,171.669 

c - -O.OO5927 

For the free-air shock the instantaneous shock velocity equation Is thus 

U . 980.2 [l ♦ (3.2 

« 

Figure 3*25 !• • plot of these shock velocities as t. function of 
distance. 

The peak shock overpressures at various distancer were calculated 
using the shock velocities obtained from Equation 3.2 and the ambient 

33 (Ct ntlnued on Fags 60) 
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Figure 3.21 Shot 6 - Height of the Triple Point as a 
Function of Ground Range (Desert Area). 

TABU 3.X0 • Shot 6, Balctt of U« Triplo folut u a Function 
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Figure 3.22 Shot 8, Planes of Measurement for Smoke Rocket 
Photography Films 28282 , 28281*. 
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atmospheric conditions (PQ and C0) existing at burst height (see 

Table 1.1 for values of P0 and Tp). Tkese data are given in Table 3.12 

and plotted In Fig. 3.26. The change in slope of the pressure-distance 

curve below the 15-pei level is not thought to be real but is thought 

to be the result of the fitting function. (iMs Is discussed in 
Sections 3.9 and 4.I.3). 

Shot 8, like Shot 4, was instrumented with rocket-smoke photography 
to obtain data on the reflected wave in free-air and to determine the 

point of catch up of the reflected wave with the incident shock. However, 

RADIUS (FT) 

Figure 3.25 Shot 8, Free-Air Shock Velocity versus Distance. 

the Shot 8 device detonated at a lover yield than was expected; because 
of its high effective height of burst, the desired data could not be 

obtained. Moreovei no reflected wave could be detected above the fire¬ 
ball on the films. 

Shock phenomena occurring near the ground were measured to the 

north side of ground zero on Shot 8 from Films 28280 and 28283 (S«e 
Fig. 3.27 for the planes of measurement), south of ground zero a rise 

in the foreground limited the measurements along ¿he ground that could 

be made. A precursor was formed on this shot and was observed on both 

sides of ground tero. Its arrival time along the ground was measured 
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Figure 3.26 Shot 8, Free-Air Peek Shock Overpreaeure versus Distance, 

1AILI 3.12 - shut 8, Pr«a*ur«t shock Velocity, 
DlkUaca UkU Id fro* Air 

Diet* nr« 
R 

(ft) 

»eck 
Velocity 

U (ft/eec) 

Shock 
Ore preeevire 

f(p*l) 

<00 
500 
600 
700 
800 
900 

1,000 
1,100 
1,200 
1,300 
1,(00 
1,500 
1,600 
1,700 
1,800 
1,900 
2,000 
2,100 
2,200 
2,300 
2,600 
2,500 

5.894.1 
4,696.3 
3,655.0 
3,102.8 
2.717.5 
2.436.2 
2.223.3 
2,057.7 
1.925.9 
1.818.9 
1.730.6 
1.656.9 
1.596.6 
1,561.0 
1>96.9 
1,656.8 
1.619.7 
1.388.7 
1,361.1 
1.336.6 
1,316.5 
1.296.7 

615.1 
231.7 
1Í5.0 
100.6 
72.0 
55.1 
*3> 
35.1 
28.9 
26.3 
20.T 
17.6 
15.3 
13.3 
11.7 
10.3 
9.2 
8.1 
7.2 
6.5 
5.8 
5.2 
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CAMERA STATIOM «-S97 

limumn 
I *9yi7E 

Figuro 3,27 Shot 8, Plan« of Msaourouint for 
Diroct Shook Photography Fllaa 28280 aod 28283, 

»rtb of ground .„re. Th«. d«u cu-e ll.ted ln Tnhl. 3.13 «d plotted 
la Pig. 3.2C. Ho attoapt has been aade to aeasure the angle that the 

precursor front aade with the surface, since such data would hare 
contained a large uncertainty. 

The height of the Mach stea as a function of ground range was also 

aeasured on Shot 8 on the north side of ground zero. These ¿easureaents 

• Shot 6 • Tim of Arrlml of Precursor 
Along Un Ground north of Ground Uro 

around 

uR 
flat 

3round 

"SR 
tlM 
(mc) 

rum 

7W.8 
»77.1 

1,009.0 
1,170.¼ 
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60).¼ 
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&:l 
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0.01683 
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0.2)663 
0.2464) 
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TABUE J*!1* - Shot 8 - Belgtit of Triplt Point 
•a • Ponction of 0round Ran«* 

Ground 
Maga 
(ft) 

■tlcbt of 
Tflpl* Point. 

(ft) 

3*5.t 
*59.7 
509.0 
550.¼ 
590.5 
6».7 
655.0 
68k.0 
719.0 
758.6 
798.8 
625.8 
859.5 
88k.k 
918.k 
9k7.k 
981.x 

8.8 
10.6 
15.8 
88.6 
81.6 
87.8 
».5 
39.6 
*5.1 
*9.3 
57.6 
65.* 
68.2 
65.9 
69.1 
75.5 
83.8 

were obtained over a ground range of fron 3OO to 1,000 ft and are plotted 
in Fig. 3.29 and given in Table 3.14. 

3.6 SHOT 9 

The reaulta of Shot 9 were aUilar to those of Shot 1; however, a 
precursor was observed to for« on both sides of ground zero at approxi- 

Figure 3.29 Shot Ô, Height of the Triple Point as a 
Function of Ground Range. 

■ately 300 ft ground range. Measureaents of the tl«e of arrival of the 
precursor to the southwest (out to 1,150 ft) and to the northeast (out 
to 1,000 ft) of ground zero were nade on Fila 29384. These data are 
presented in Table 3.15 and plotted in Fig. 3.30. As on Shot 1, the 
propagation of the precursor to the northeast side of ground zero over 
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fàBU jas Shot 9 - AJTlvkl TUm ot Precursor Hoc* Um Ground 
_ iorU»««» 4od SouUMMt of Groqad lore 

•ortlMMt Southwest 

Tim 
(me) (ft) 

Sms* 
(ft) 

0.2166} 
0.0690 
0.23638 
0.2*625 
0.25612 
0.26599 
0.27586 
0.2857* 
O.2956I 
0.J05*« 
O.3I535 
0.325» 
0.J351O 
0.3MIT 
0.35*8* 
0.36*71 
0.37*58 
0.38**6 
0.39*33 
0.*0*20 
0.*1*07 
0.*239* 
0 *338® 
0.**J69 
0.*5336 
0.*63*3 
0.*7330 
0*8318 
0.*9305 
0 50292 
0.51279 
0.52266 
0.5325* 
0.5*2*1 
0 55228 
0.56215 
0.57202 
O.58190 

317.6 
390.* 
*39.8 
*72.8 
515.3 
556.7 
59*.9 
630.5 
668.2 
706.5 
7*0.0 
768.6 
798.9 
«25.5 
857.9 
882.8 
909.* 
9*2.3 
965.7 
972.1 
995.5 

190.2 
232.7 
302.6 
377.2 
*26.6 
*60.6 
*95.1 
5J6.0 
562.0 
596.0 

690.6 
706.6 
738.* 
761.7 
786.2 
810.1 
823.* 
851.0 
867.* 
889.8 
905.2 
919.0 
937.6 
953.0 
975.8 
989.6 
996.0 

1,02*.2 
1,03*.8 
1,057.1 
1,081.0 
1,080.8 
1,107.6 
1,118.2 
1,1*2.1 
1,158.0 

Figure 3.30 Shot 9, Time of Arrlrel of Precureo’* 

and Southwest of Ground Zero along the Ground. 
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^ f“!'r «“ “> «>« »outlwMt, where there ». 

”r* “ï""«?- ». reflected »v. tot. that could bt obui^d 
vere llaited to th« point of insignificance. 

3.7 SHOT 10 

• « 
» « 
« • « • 

• « 
« ■ * 
« * # * * * 

_*5r?!^~t1*8 ■d<lt4 .eeaured on Fila 28980 token by the hlgh- 
frT‘/*ÍC) c®”r* (*" 2*2 for «>. fila cSlbr». 

tlon coMtonto). The., dato are pre.ented ln Table 3.16 and plotted ln 
Flg. -'.a1. A coaparlaon of the.e data with the arrlval-ttoe data 
•ea.ur.o by the two neare.t AFCRC canl.ter. (Project 1.1) .how. good 

agreement; however, the 
i U5 ft. reference 23. 
F11m 28980 and 28982. 

accuracy of the canister positions is given as 
Figure 3.32 shows actual photographs taken from 

0 data were fitted to Equation 1.1, 
Section 1.2, and the constants obtained are: 

as described in 

» - 763.736 

b - 1,277.816 

c - O.OOOO43 

1 OSO ft"' ralvd 0Ver the cntlre ran«e of from 200 to 
1,050 ft. Substitution of the constants a and b into Equation 1.2, 
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TMLI 3.l£ - flbot 10 - Tim of Arrival of fro* Air Shock 

Rad lue 
(ft) 

Tiae 
(eec) 

123.400 
157.700 
188.500 
215.300 
235.200 
267.400 
295.916 
316.365 
372.446 ör.343 
496.935 
520.404 
551.016 
581.628 
609.179 
646.9J4 
671.423 
690.811 
725.504 
749.994 
770.402 
785.708 
810.198 
842.850 
861.218 
914.?r8 
961.625 

1,044.890 0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0
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TAHLB 3.17 - Shot 10 - Pr«Murt, Velocity, 
Dietanc* Data In fra* Air 

RaJlue 
(ft) 

Shock 
Velocity 
(ft/eee) 

Peak 
Overpreeeure 

(P»l) 

200 
300 
400 
500 
600 
700 
800 
900 

1,000 
1,100 

5,124 
3,884 
3,137 
2,647 
2,306 
2,056 
1,867 
1,720 

712 
it? 
104 
55.7 
34.5 
23.5 
16.8 
12.7 
9.8 
7.7 

TABU 3.18 - Shot 10 - Weapon Tleld Vereua Die tance 

Radlue 
(ft) 

Held 
(kt) 

407 
447 
505 
615 
719 
787 
884 
950 

1,046 
i,m 

3.51 
3.51 
3.51 
3.51 
3.44 
3.38 
3.24 
3.18 
3.U 
3.11 

I % 



A J

FILM 28980

a) t « 0.096 SBC 
R ■ 645 FT

FILM 28982

e) t s 0.220 SBC 
R 8 914 FT

b) t ■ 0.142 SBC 
B . 770 FT

d) t ■ 0.280 SBC
B ■ 1,044 FT

Figure 3*32 Shot 10, Photographs of Free-Air GEbock Taken 
froB film 28980 and 28982.
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100 200 300 500 1000 2000 3000 
DISTANCE (FT) 

Figure 3.33 Shot 10 • Peak Shock Overpressure as a 
Function of Distance. 

Section 1.2, gives the instantaneous velocities as a function of 
distance. Thic equation is 

0 - 763.7 [ 1. j (3. 

where R is given in feet and U is given in ft/sec, 

By substitution of the instantaneous velocities into the Rankine- 
Hugoniot equation (Equation I.3) the peak shock overpressures were 
calculated. Table 3*17 lists the peak overpressures and velocities as 
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eiunction of diatance. The ambient atmoepheric conditione ahead of the 

«hock were taken as thoee at buret height (see Table 1.1). Figure 3.33 

is a plot of the peak shock overpressures as a function of distance. 

Also plotted in Fig. 3.33 are the pressure-distance data obtained by 

the ¿FCRC canisters (froa Reference 23), and there is excellent agree¬ 
ment between the two sets of data. The weapon yield as a function of 

Figure 3.3k a»ot 10 - Weapon Held as a Function of 

Distance Obtained fro« Free-Air Pressure-Distance De*a. 

distance was calculated in the same manner as on Shot U (see Section 3.3) 
and the results are presented in Table 3.18 and plotted in Fig. 3.3k. 

It is difficult to determine a figure of accuracy for the data 

obtained by the method used on this shot. However, it is thought that 

the distances measured are within t 10 ft and the timing is accurate to 
about 0.1 percent. Although the dispersion of the arrival-time data 

about the fitted curve is greater than usual, a calculation of the 
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F
accuracy of 
may be In error

3.8 SHOT 12

the preBsure-diatance curve Indlcatea that the pressures 
Tor by as much as 2 to 3 percent fran hOO psl to 8 psl.

3.8.1 Free-Alr Data

Arrival-time data for the incident free-air shock were 
measured in the vertical direction directly above air zero on Films 
28389 and 28390 over a range of from 250 to 3,000 ft (see Fig. 3.35

:;

4
H ■ • ‘‘ • / *

-M i* 1.

: .

Figure 3.35 Shot 12, Photograph of Free-Alr Shock 
2,330 ft from Air Zero at t - O.9U6 Sec (Film 28389).

for actual photographs of the free-air shock). These data are listed 
In Table 3.19 and plotted In Fig. 3-36. Distance and time scaling 
factors were determined as explained in Section 2.2, and the film 
calibration constants for these films eu-e listed in Table 2.2. The 
absolute time for each film was found by plotting the first data point 
from the HOL films on the data supplied by BG4C- for flrebsai radius

tMM
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Figure 3.37 Shot 12, Fireball Radio* ver*u* Ti**. 

TAB.* J.ao - Bbot 12 - Pr*«aurt, Valocltjr, Dll tanca 
Data In Pr«« Air 

Dlatanra 
* (ft) 

Shock 
Velocity 

U (ft/aac) 

Sound 
Velocity 

Cofft/aoc) 

Aahlent 
Preeaure 

f0 (P*1) 

Shock 
Overpreaeuie 

(p*0 

600 
•W 
800 
900 

1,000 
1,100 
i,aoc 
1.300 
1, fcoo 
1.500 
1.600 
1.700 
1,000 
1,900 
2,000 
2,100 
2,200 
2.300 
2, kOO 
2.500 
2.600 
2.700 
2,800 
2,900 
3,000 

^508.2 
3777.1 
3266.9 
289k.3 
2612.5 
2393.2 
2218.6 
2076.9 
1960.1 
1862.4 
1779.7 
I709.O 
1648.0 
1594.9 
1548.4 
1507.3 
1470.8 
1438.3 
1409.1 
1382.8 
I359.O 
1337.4 
1317.7 
1299.7 
1283.2 

1116.1 
1115.4 
1U4.8 
1114.1 
1113.5 
U12.8 
1112.2 
1111.5 
1110.9 
1110.2 
1109.6 
1109.0 
1108.3 
1107.7 
1107.0 
1106.4 
1105.8 
1105.1 
1104.5 
UO3.9 
1103.2 
1102.6 
1102.7 
1101.4 
1100.6 

12.07 
12.03 
11.98 
U.94 
U.89 
11.05 
II.80 
11.76 
U.72 
11.68 
U.63 
11.59 
11.55 
U.51 
11.46 
11.42 
II.38 
11.34 
II.30 
11.25 
11.21 
11.17 
11.13 
11.09 I 
11.04 

223.3 
150.4 
IO9.O 
81.2 
63.6 
50.2 
41.0 
34.2 
28.9 
24.8 
21.4 
18.6 
16.3 
14.4 
12.8 
11.4 
10.2 
9.2 
8.3 
7.5 
6.8 
6.1 
5.6 
5.1 
4.6 
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Figure 3*30 Shot 12, Free-Air Shock Velocity versus 

Distance. 

versus time (see Fig. 3*37). The arrival-tine data were then fitted 

to Equation 1.1, Section 1.2, and the constants obtained by this fitting 
procese are: 

a - 966.374 

b . 142( .296 

c - 0.010475 

The constants are valid over the entire range of fron 6OO to 3,000 ft. 

Substitution of the constants a and b into Equation 1.2, Section 

1.2, gives the instantaneous shock velocities as a function of distance. 
This equation is 

U (3.4) 

where R is given in feet and U is given in ft/sec. The velocities 

obtained fron Equation 3.4 are reported in Tfcble 3.20 and plotted in 

Fig. 3.38 a» a function of distance. Using Equation I.3, the peak 
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ahock overpresaurea were then calculated. The ambient atmoapheric 

condition« ahead of the ahock (PQ and C0) were determined by the same 

m-thod uaed on Shot k, ject.^on 3.3. The ambient preeaure, P0f and 

aound velocity, CQ, uaed to calculate the peak overpreaaure at each 
diatance are given in Table 3.20 and plotted in Fig. 3.39. Peak ahock 

overpreaeurea ae a function of diatance for Shot 12 are liated in 
Table 3.20, and Fig. 3.U0 is a plot of pressure versus distance for the 
free-air Incident shock. 

1 T*® Py«88Ure-distance curve changes curvature at the lower pressure 
levels (below 10 psi); i.e., the pressure appears to have decayed at a 

Co, SOUND VELOCITY (FT/SEC) 

greater rate at the lower pressure levels, as was the case on Shot 8. 

3#5* J*}6 contradictory to what one might expect, since the 
incident ahock should be reinforced by the coalescence of the reflected 

^\íh!8e.PrC88Ure levelB* 11 h£8 been “O*®* in the past (Refer¬ 
ence 6) that the fitting function could cause such an inflection to 

occu^and is probably the cause in this case (see Sections 3.9 and 

Also measured on Film 28389 vere the arrival-time data for the 
?Cî?d "y®* Hook® and br**kf- w®re obaerved in the tralla on Shot 

12, indi ating the position of the reflected wave. These data are 
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given in Table 3.21 and plotted in Fig. 3.36. The arrival-time data 

for the reflected wave were measured over a range from 1,350 ft to 

2,600 ft, where coalescence of the incident and reflected shocks was 

observed. The reflected wave on Shot 12 was sieilar to that on Shot 4, 

although it was slower. The average velocity of the observed reflected 

Figure 3.40 Shot 12, Free-Air Peak Shock Overpressure 

versus Distance. 

wave as it approached the incident wave and Just prior to coalescence 

was approximately 2,500 to 3,000 ft/sec. The center portion was greatly 

accelerated while passing through the region containing the hot gases 

from the fireball. The shock front contours at the poinc of catch up 

are shown in Fig. 3.11. Coalescence occurred over a radius of approxi¬ 

mately 1,000 ft horizontally to either side of the vertical. 

The reflected wave beneath the fireball was not observed directly, 

except near the triple point and near the ground Just after the incident 
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shock wave had reached the ground. Just prior to striking the ground, 
the incident shock appeared to be very flat, almost assuming the shape 
of a horizontal plane wave in the vicinity of ground zero. Based on 
past experience, it is impossible to believe that the observed dis¬ 
tortion was due to an optical effect clone. This flatness of the 
Incident shock of course affected the reflected wave but to what extent 
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Figure 3.U1 Shot 12, Weapon Yield as a Function of 
Distance from Burst Point. 

cannot be determined. Furthermore, how this may have affected shock 
coalescence above the fireball is equally uncertain. 

Closure of the reflected and incident shocks took place at approxi¬ 
mately 2,600 ft from air zero (7-psi level). As was noted above, no 
indication of a reinforcement of the incident shock pressure wac 
observed in this region; therefore, no effective increase in yield, 
such as that on Shot 4, can be Justified for Shot 12. However, the 
effective yield of the Shot 12 device was determined by the same method 
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employed on Shot k (see Section 3-3) and these results are presented 
In Table 3.22 and plotted ln Fig. 3.UI. 

Direct Shock Photography Data Near the Surface 

Measurements of the shock phenomena occurring near the surface 
were made over all three areas — desert, water, and asphalt. These 

F- 214 
746^50 N 
716,000 E 

Figure 3*^2 Shot 12, Planes of Measurement for Direct 
Shock Photography. 

data were obtained from Films 2838I, 28382, 28383, and 28387. The 
planej of measurement for these films can be found In Fig. 3.U2. The 
results obtained for each area are presented below. 

Asphalt Area. A precursor formed over the asphalt area at a 
ground range oFapproximately 300 ft and persisted well beyond 3,000 ft 
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Figure 3.U3 3hot 12, Photograph of Shock Along Asphalt 
1,1*30 ft frcm Ground Zero at t ■ O.213 sec (Film 2838I).

from ground zero. It was visible on Film 28381 out to a ground range 
of approximately 1,600 ft and is plainly evident In the photograph taken 
from this film (Fig. 3-l*3)* Table 2.2 gives the calibration constants * 
for this film. The precursor was also observed from 1,200 to 2,900 ft 
on Film 28383, although iK»t as clearly as on Film 2838I. A dark streak 
across each frame of Film 2838? masked out all of the wave fronts near 
the surface; however, the propagation of the dust or smoke following 
the precursor front was readily observable. This dense cloud of material 
was lifted and carried by the flow behind the precursor, and its makeup 
was quite different from that over the desert and water areas. A 
comparison showed that the data for the arrival time of the Initial 
disturbance, as Indicated by the SRI gages (Project 1.10), agreed 
closely with the data for the arrival time for the dust, as determined 
from the photographs, l.e., the respective arrival-time curves were 
nearly identical. Thus the arrival-time data for the precursor along 
the surface over the asphalt area are given as a continuous set of data 
from 300 ft to 2,900 ft In Table 3.23 and plotted In Fig. 3.W*. In scxae 
cases, where structures or other obstructions prevented observation of 
the prectirsor or dust front to ground level, the fronts were extrapolated 
to that level. This was necessary In only a few frames of the film 
record, and the data are considered highly reliable. Also shown In 
Fig. 3.UU Is the arrival time of the initial disturbance over the 
asphalt, as raeasiired by Projects 1.10 and 1.12, and there is good agree

ment for all sets of data (less than 5 percent difference at the maximum).

Measurements of the angle that the precursor front made with the 
asphalt surface were also obtained, and these data are given In Table 
3.2^ and plotted In Fig. 3*^5« A method for determining the temperature
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TABLE 3,21 - Shot 12 - Tl*» of Arrlvkl jf 
a»fl«ct»d Shock ln fr»« Air 

Radius 
(ft) 

Tía» 
(mc) 

ni* 

1,352.760 
1,^09.677 
1,576.455 
1,667.766 
1,781.619 
1,850.499 
2,035.758 
2,213.126 
2,387.847 
2,448.734 
2,512.269 
2,593.on 

28389 

0.598180 
0.647410 
0.696640 
0.745870 
0.795100 
0.844330 
0.893560 
0.942790 
0.992020 
1.041290 
1.090480 
1.139710 

TAHU 3.22 - Shot 12 - Wanpon Tl»2d V»r»\i» DlaUnc» 

Tl»ld Obtain» 
Pr»nur* . t)i»t 

d Proa 
anc» lata 

Tlald Obtained Prca 
Tía» of Arrival Data 

Distant» fro* 
Burat 
(ft) 

Waapoa 
Tlald 
(At) 

Distança fro* 
Burst 
(ft) 

Weapon 
Tlald 
(It) 

684 
768 
905 
995 

1,116 
1,334 
1,840 
2,102 
2,603 
2,733 

24.6 
24.6 
24.7 
24.8 
24.3 

*•3 
22.8 
22.2 
22.9 
18.5 

1000 
1200 
I5OO 
I8OO 
2000 
25OO 
3000 3

 £
2
8
8
8
2
5

 
• 

• 
• 

• 
• 

a 
• 

VA
NA

 O
 O

 O
 O

 O
 

TABLI 3.23 - shot 12 - Tl*» of Arrlral of th» Initial 
DUturtanc» Alone th» around (Aaphalt Araa) 

Ground 
Rang* 
(ft) 

Tía» 
(tac) 

Oround 

ST 
Tía» 

(•ac) 

285.6 
491.7 
586.3 
570.7 
766.6 
812.6 
843.5 
877.8 
895.2 
930.1 
952.5 
988.6 

1,015.6 
1,043.0 
1,087.4 
1,084.3 
1.143.5 
1.109.9 
1,188.3 
1.167.9 
1.225.5 
1,209.7 

Pila» 283! 

O.03675 
O.05637 
O.06617 
0.07598 
O.O8579 
0.09560 
0.10541 
O.IO789 
0.11522 
O.II76O 
O.12503 
0.12732 
0.13484 
O.13704 
0.14465 
0.14676 
0.15446 
0.15647 
0.16426 
O.I6619 
0.17407 
0.17691 

31 and 26383 

1.304.9 
1.345.9 
1,385.0 
1,431.0 
1.470.1 
1.507.9 
1.555.2 
1.586.2 
1.736.2 
1.864.3 
2,020.a 
2,115.8 
2,215.6 
2.331.4 
2.413.5 
2.486.6 
2.559.3 
«,636.2 
2.698.4 
2.779.4 
2.819.7 
2,891.3 

0.18388 
0.19369 
0.20350 
0.21331 
0.22312 
0.23*93 
0.24274 
O.26336 
O.3II94 
0.36053 
0.40911 
0.45770 
0.50628 
0.55487 
O.60345 
«.65204 
0.70062 
0.74921 
0.79779 
0.846)8 
0.89496 
O.94355 
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tWU J.îlt - 3k0t 12 . Anti* of Um Pr*cur»or u • function of 
Oround tent* ovtr Aaphnlt and Dn«*rt Arana 

Oaanrt Aapbalt 

Antla of 
Pmcuraor 
(dagrana) 

Ground 
Rang* 
(ft) 

Angla of 
fracuraor 
(dagraaa) 

Ground 
Rang* 
(ft) 

26.0 
26.5 
22.0 
23.0 
2?.8 
27.2 
29.5 
27.9 
29.6 
28.2 
30.5 
31.0 
36.0 
39.5 
#.5 
*1.5 
*0.5 
*3.8 
*9.5 
50.0 
5*.5 
57.5 

5*5 
679 
852 
9«3 

1,095 
1,188 
1,306 
1,390 
1, *»9* 
1,575 
1,647 
1,700 
1,766 
1,808 
1,887 
1,92* 
1,967 
2,001 
2,0*9 
2,08* 
2.1*3 
2, U 

23.0 
2*.0 
23.6 
22.0 
2*.k 
25.0 
25.6 
26.5 
27.9 
29.0 

6*6 
76* 
9*2 

1,067 
1,210 
1,30* 
1,*35 
1,519 

(•a 

of the theraal layer froa the angle of the precursor was given in 

Reference 6. 'fte temperature was calculated from the following equations 

sin 0 
(3*5) 

where 0 is the angle formed by the precursor front and the surface, and 

(n 
Ui 
U1 
e 
o 
LÜ 
O 40 

u 3 
0 
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.. "'■’Mf' "" -m 
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2000 2500 

Picora 3.^5 Shot 12 - Angls of the Precursor as a function 
of Ground Range. 
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ä.tüS 2LÎT* *?“? v'locU1" «letlog In th. nonheated and neated mediuma, respectively. Since, 

1/2 

273 (3.6) 

then Tx “ay be calculated by the use of Equations 3.5 and 3.6. This vas 
thTísñüflt re8ülting te“P«raturefl as a function of ground range over 
the asphalt area are presented in Table 3.25 and plotted in Fig 3 k6 

r,‘ rr* th,,t’ iUh0U«h ‘Vl«nu conducUd 
oîLr?hI Ï^!l4 d 1,5 ? Blem,Ur® teaperature and sound velocities 
. hree areas on Siiot 12 were not conclusive, the differences 
andWthn thc «ound velocities neasured by these projects 
and those obtained by calculations from the Project 1.2 measurements of 
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the angle of the precursor are extremely large (the calculated temperatures 
are from four to five times those measured). This may indicate a necessary 
revision of the method for calculating temperatures from the angle of the 
precursor. 

The triple-point trajectory over the asphalt area vas observed over 
a ground range of from 65O to 1,900 ft. The extension of the triple¬ 
point measurements was greatly aided by the rocket smoke grid in the 
field of view of Film 26383» height of the Mach stem could be 

TAIL« 3.25 - Shot 12 . T«ap«r*tun of thorwal Uy»r CtlcultMd Proa 
An*l* of tha Procurar Orar Asphalt ana Dasart Araas 

Daaart Aaphalt 

around 

ÎÎT 

rasp of 
Ttoaraal 
Layar 
(®c) 

Omund 

ST 

Ta*p of 
Tfeaiml 
Layar 
(°C) 

600 
i» 
TOO 
750 
too 
650 
900 

1,000 
1,100 
1,200 
1,300 
1.500 
1.500 
1,600 
1,700 
1,600 
1,900 
2,000 
2,100 
2,150 

1,166 
1,166 
1,238 
1,365 
1,561 
1,611 
l,6li 
1,U1 
1,166 
1,056 
1,020 
1,003 

971 
863 
763 
607 
653 
325 
199 
161 

650 
700 
750 
800 
850 
900 

1,000 
1,100 
1,200 
1,300 
1,600 
1,500 
1,600 
1,700 

1,663 
1,561 
1,537 
1,695 
1,695 
1,509 
1,663 
1,776 
1,695 
1,377 
1,305 
1,206 
1,081 
933 

measured to over 900 ft, because of this fact. 'Ifceae data are plotted 
in Fig. 3.47 and listed in Table 3.2^ 

Water Area. Within the field of Film 2838I, the shock propagating 
over the water area could not be observed all the way to surface level. 
TTie precursor and the dust cloud over the desert area obscured the 

shock over the water area to the extent that it was impossible to 
determine from the photographs alone whether a precursor formed over 

surface or not. Hie Mach stem which developed over the water 
area was clearly visible, and behind it a column oV material was observed 
to reach a height of approximately 200 ft. 

The photographs of this material indicate that it was definitely 
not associated with the desert area (see Fig. 3.48 for an actual photo¬ 
graph taken from Film 2838I). Hie column appears to be composed of a 
fairly dense material (although not as dense as the dust along the 
desert line) such as water droplets or smoke. This column lagged 

farther and farther behind the Mach front as it propagated outward from 
ground zero. Since the dust obscured the lover part of the Mach front, 
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over a ground range fro« 500 to 750 ft, that portion of the foch ntem 
which was visible was extrapolated to the surface. Beyond 750 ft a 
precursor was observed to precede the Mach stem. This precursor front 
va« then extrapolated to the surface level over a ground range of from 
750 ft to 1,350 ft. It Is not certain whether this precursor formed 
over the vatex or was forced In from adjacent desert areas (unfortunate- 

Figure 3>7 Shot 12 - Height of the Triple Point as a Function 
of Ground Range Over Asphalt, Water and Desert Areas. 

ly the aerial films taken for this project were not able to resolve this 
uncertainty), but the extrapolated arrival-time data for the precursor 
observed are in good agreement with the measurements made by Project 1.10. 

The arrival-time data of the initial disturbance along the water 
surface are given In Table 3.27 and plotted in Fig. 3.49 (this includes 
the extrapolated Mach wave from 500 to 750 ft and the extrapolated pre- 
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TADLE $.26 - Shot 12 - Height of the Triple Point 
»• a Ptanr tlon of Ground Range 

AaphaU Votar 

Ground 
Range 
(ft) 

l< Ight 
(ft) 

Ground 
Rang* 
(ft) 

Haight 
(ft) 

Ground 
Rang* 
(ft) 

Haight 
(ft) 

729.9 
775.5 
812.9 
857.O 
801.¾ 
91¾. 1 
«•47.9 
9Í4.9 

1,010.2 
1,059.3 
1,058.5 
1,096.¾ 
1.108.4 
1,158.3 
1,174.9 
1,180.6 
1,220.6 
1.233.6 
1.277.7 
1,296>.8 
1,303.2 
1.342.6 
1.354.1 
1.384.2 
1.400.8 
1.413.8 
1.464.7 
1.466.3 
1>93.3 
1.500.5 

68.6 
87.3 

106.5 
114.3 
149.6 
151.7 
I61.O 
172.4 
182.3 
207.8 
236.8 
232.2 
245.7 
249.3 
271.6 
301.2 
298.6 
333.4 
319.4 
3*9.6 
3*1.8 
351.6 
385.4 
370.3 
391.1 
m.3 
405.1 
4*1.5 
436.3 
442.5 

648.X 
696.6 

HI-5 809.4 
840.3 
872.5 
893.3 
937.4 
966.4 
996.7 

1,021.9 
1,050.2 
1,076.7 
1,103.8 
1,129.0 
1.154.3 
1,178.2 
1,200.9 
1.229.3 
1,250.7 
1.521.9 
1.537.6 
1.554.3 
1.563.7 
1.590.4 
1.602.9 
1.614.4 
1.626.4 
1.633.8 
1.656.8 
1,673.0 
1,686.6 
1,696.0 
1.719.5 
1.728.9 
1,743.0 
1.757.1 
1.772.3 
1.786.9 
1.802.1 
1.809.4 
1,825.1 
1.839.8 
1.873.7 
1,887.3 
1.896.7 
1.912.9 

75.6 
86.4 

109.7 
121.0 
138.7 
160.1 
174.6 
202.4 
220.0 
2*5.2 
260.4 
267.3 
273.6 
291.9 
308.9 
318.4 
330.2 
3*1.7 
3*9.2 
362.5 
550.0 
561.0 
584.5 
617.4 
616.9 
636.2 
650.4 
673.4 
691.7 
684.9 
692.7 
712.6 
729.3 
729.3 
745.O 
763.3 
776.9 
786.8 
791.0 
809.3 
828.6 
846.4 
857.4 
878.3 
880.8 
901.8 
914.9 

459.6 
504.3 
5*0.3 
578.1 
849.8 
885.1 

1,009.3 
1,049.6 
1,168.0 
1,180.1 
1,269.0 

17.6 
25.2 
31.5 
42.9 
95.2 

1U.0 
180.9 
171.5 
239.6 
222.5 
280.5 

cursor front from 750 to 1,350 ft). The photographic arrival-time data 
and tncse from Project 1.10 agree to within better than 5 percent. 

The trajectory of the triple point over the water area was measured 

Zll ^ fTi,r<l^0f fr0m U5° ft ^ ^300 ft> and datA Pre¬ sented in Table 3.26 and shown in Fig. 3.U7. 

Beyond a ground range of 1,350 ft, no data were obtained over the 
water surface. The film which was designed to cover this area was badly 
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TAKJ 3.27 - Shot 12 - Tl«» ir Hrrim of t»>. InUlal 
Dltturbanc* /Uonc Uw Orouad (watar Araa)

ground
Ranga
(ft)

Tim*
(aa<)

Ground
Ranga
(ft)

TIM
(aac)

k75.3
507.5 
6011.6
684.0
690.3
733.8
784.8
865.5
914.1
958.2

ruB 28381

O.O6637
0.06617
0.08579
0.09560
0.10541
0.U522
0.12503
0.13484
0.14465
0.15446

997.9
1.038.9
1,070.4
1.096.3
1.131.6
1.178.6
1.200.9 
1,257.0
1.298.6
1.328.3
1.362.3

0.16426
0.17407
0.18388
0.19369
0.20350
0,21331
0.23293
0.24274
0.25255
0.26235
0.27216

Streaked with ll^t over the regions of Interest, “nie overexposure 
■asked out all the shock phenoaena occurring near the surface.

Desert Area. Propagation of the shock near the ground over the 
desert area, was observed on Films 28387 and 28382 (see Table 2.2 for 
the film calibration constants). As was exx>ected, a precursor formed 
over this area that resembled the precursor formed during Shot 10 of 
Operation UPSHOT-KNOTHOLE to a remarkable degree (see reference 6). 
Hie precursor over this area tos first observed from approximately 
500 ft; It persisted out to a ground range well beyond 3,000 ft. It 
was markedly different from that formed over the asphalt area. Figure

Figure 3.k8 Shot 12, Photograph of Shock Along Water 1,000 ft 
from Oround Zero at t > 0.l6k sec (Film 2636I).
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3.50 shows an actual photograph (taken from Fila 28387) of the orecuMor 
propagating over the desert area. Tbe front of the precursor over the 
desert area vas steeper and its propagation along the ground slower than 
îhînErîîr,0î*0T*ï Íhe/,í)halt &rea (Egging by approximately 35 asee at 
1,500 ft). The arrival-tine data of the Initial disturbance along the 
iürVü?*10* 0Ver a rang0 of froa 500 ^ 3,350 ft are presented in 
Table 3.28 and plotted in Fig. 3.W*. On Fila 28382 it vas impossible 
to detect the shock front fron a ground range of 2,450 to 3 100 ft. 
At 3,100 ft the shock front passed a smoking blast-line pole and vas 
again detectable out to 3,350 ft ground range. Hie arrival-time curve 

Figure 3.49 Shot 12, Time of Arrival of the Initial Disturbance 
Along the Ground (Water Area). 

shown in Fig. 3.44 vas extrapolated over the Interval vhere the shock 
front couid not be detected. Also plotted in Fig. 3.44 are the arrival 
time data of tne initial disturbance over the desert area, as measured 
by Projects 1.10 and 1.12. Out to a ground range of 2,500 ft the a«ree 
r“t “ «ceptlon.il, good (1... then 5 percent dlff.riL In .h 
However, beyond thl. region the .greenent, though not u good, 1. wlthli 
the range of difference that could possibly be accounted for by the 
asymaetry of the precursor observed throughout the region. Following 

e precursor, a dust cloud rose to a height of approximately 250 ft ai* 
was apparently coincidert with the arrival time of the precursor out to 
becInUtf M thiB range, the dust cloud 
began to lag behind the precursor front, and it ceased to propagate 
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£»MnÏ*£& rl 3’100 ft- A Pl0t °f thï duBt »Tlval-tl« <UU beyond 1,900 ft i» presented in rig. 3.M*. 

The angle that the 
aie i was also measured, 
plotted in Fig. 3.45. 

precursor front made with the surface over this 
and these data are presented in 'flable 3.24 and 
Températures calculated from these data in the 

l*'*®'* 3-28 - allot 12 . tl«* of Arrlvml of tb* Ini11*1 
PI• turbane« Along th« Ground (Doiort atm) 

• • 

Ground 
Rnngi 
(ft) 

Tim 
(••c) 

Ground 
Rang* 
(ft) 

Tim 
(••c) 

riu 

53/.6 
607.7 
675.2 
732.¼ 
7».3 
852.8 
92¼.5 
956.7 

1,023.2 
1,075.2 
1,106.3 
1.155.7 
1,206.6 
1.251.8 
1.295.9 
1.336.3 
1,366.0 
1,390.¼ 
1.661.3 
1.685.5 
1.695.9 
1.558.2 
1.590.9 
1.616.6 
1.656.3 
1.653.2 
1.702.1 
1.729.1 
1.769.3 
1,776.8 
1.799.2 
1.619.3 
1.828.3 
1,866.6 

28j»r 

0.06707 
0.07739 
0.06735 
0.09731 
0.10727 
O.II723 
0.12717 
O.I37I5 
O.I67II 
0.15707 
O.I6TO3 
0.17622 
O.I656I 
0.19660 
O.20379 
0.21296 
0.22217 
0.23136 
0.26055 
0.26976 
0.25893 
0.26009 
0.27725 
0.20661 
0.29557 
O.JO673 
0.31309 
0.32305 
O.33221 
O.36361 
0.35501 
0.36661 
0.37781 
0.30921 

—--L 

1,009.0 
1.912.6 
1,927.0 
1,950.3 
1.972.2 
1.905.7 
2,007.5 
2,019.6 
2,037.1 
2,055.8 
2,072.6 
2,091.6 
2.106.2 
2.128.5 
2,151.9 
2.159.1 
2.177.3 
2.103.6 
2.190.8 
2.228.2 

fila 

2.106.3 
2.192.8 
2,269.7 
2,336.2 
2,637.1 
3.136.6 
3.193.9 
3.267.9 
3.298.6 
3 , 367.6 

0.60061 
0.61201 
0.62361 
O.6368I 
0.66621 
0.65620 
O.66619 
0.67610 
0.60617 
0.69616 
0.50615 
0.51616 
0.52613 
0.53612 
0.56611 
0.55610 
0.56609 
0.57608 
0.50607 
0.60605 

28302 

O.SÂ*» 
0.57068 
0.61056 
0.66766 
0.71592 
1.26920 
I.366I6 
I.663I2 
1.56008 
I.63706 

d*!"1P#d for ^aaph»lt .re. re.ult. .re 11..,..1 In 
Fable 3.25 and nhovn in Fig. 3.46. 

The height of the Mach stem as a function of ground range orer the 
d...« «. .1.0 obtained. Table 3.26 ll.t. t£.e ru 

3.47 otaov. a plot of the trajectory of the triple point o.ei thl/.L. 

0/ R*«^ts of Asphalt. Desert, and Water Areas. Ore? 
the aephalt anJ desert area, a precursor vas observe4 to form at approxi- 
mately 300 and 500 ft, respectively. Since the water area was obscured 
by the dust along the desert, it cannot be ascertained whether the 

PreCUr#0r ^r8*0 °Ver thl# are‘1 or the result of feed-in 
effects. A more complete discussion of this is presented in Chapter 4. 
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Figure 3.50 Shot 12, Photograph of Shock Aloog Desert 
1,750 ft froB Ground Zero at t - O.332 sec (Fll* 28387).

The precursor fonaed over the desert propagated at a slower velocity 
along the ground and at a steeper angle than over the asphalt area. In 
all three areas rear the ground, the blast was loaded with soae aaterial 
raised by the passage of the sh^k or precursor along the surface. Over 
the desert area this cloud was apparently c<»q>osed of and dust
particles. Althoxigh the water area could not be observed at ground 
level, it appears on the film that water particles rose to a considerable 
hel^t behind the Mach stem; however, the extent of the water column is 
extremely small, compared to the dust cloud raised over the desett area* 
Over the asphalt area the cloud of material immediately behind the pre

cursor appeared to be entirely different from that over either of the 
other two areas. Presumably, it was composed of a mixture of particles 
of SBioke and dust. Temperatures calculated from the angle of the pre

cursor show that the maximum temperatures over the asphalt and desert 
areas were approximately the same; however, for corresponding ground 
ranges, the t«nperatures were higher along the asphalt than along the 
desert line. Comparison of the path of the triple point over the three 
areas indicates that the Mach stem grew snicn faster over the asphalt 
area than over the other two areas.

^ t •

The path of the triple point over the desert area,^en plotted 
graphically, fell between those for the water and asphalt areas. Ihe



TAILI 3.29 - Project X.2 . shock Photoftimphy rila* 

Shot Pila 

1 

lifliii 
íNí fu rg cw rw oj rvi 

Bo tUln* on any Ml*«. Precursor BMaurmanta mda 
on ML* 28881. v*ry (tood ril*a abovlng «hock 
phanomn. oaar th« pound. No fraa-ntr dau can t>a 
obtainad. Ml*a 28885 and 28886 ahov cloud rtaa 

1 but 00 abocka can ba observad. 

3 28681 
2866? 
26663 

■ if0004 

*■*1 fil** v*ra badly ovarakpoaed. Only quallutlva 
Inforaatlon can ba obtainad .'roa thaaa fila*. 

k ?8l8o 
28l8l 
28162 
28181 
28184 
28185 
28186 
28187 

I fraa-alr data obtained fro* 28183 and 26l8k. 
Haflactad wave obaarvad on Plia 28l8k. Ma*aure- 
“"l* ,lon« <Aa ground obtainad froa 28183 and 
2818k. fllaa 28185, 28186, and 2818? ahov good 

:!î*11û0L',loclt i'h*no“n* tl«,r ground taro, 
rila 28187 ahova tripla point out to and of rockat 

1 grid. Bxcallant fllaa. 

6 28060 
28061 
26062 
26063 
28o8k 
28085 
26066 
28087 

¡SS!“"*01’ ■»<>• on fllaa 28o8l and 
2ö08k. fraa-alr data in tha flrab*ll ataga and 
tha tarly atagaa of th* ahock nftar breakaway vara 
obtainad froa fila 20o8o nlthougb tha apaad of this 

'‘»"•I*“1* Exposuraa 0f fllaa 
28002 and 28083 vara too haavy to obtain Mature- 
MQtt# 

« 28280 
28281 
26262 
28283 
2828k 
26287 

Shock phenomena in fraa-alr and along tha ground 
Matured on Fllaa 28282 and 2828k. m* 28280 
ahova early shock formtton In fr*e-«lr and good 

of »hock phtnoMo* n#4r th« ground In th* 
vicinity of ground taro. 

9 29382 I 
29383 
2938k 
29385 
29386 

Slock phenomena near th# ground were Matured on 
rila 2938k. All fllaa vara allghtly overexpoaed 
but good detail of tha ahock near th# ground could 
ba obaarvad. MIm 29385 am 29386 ahov th. mrly 
action of the cloud. 

10 28960 
28981 
28982 
28985 
28966 
28967 

Lack of contrast on all filM aake. tha detection 

0f U‘L!iock front v,r3r •‘Ifflcult. fllaa 20900 
•nd 28982 are th. beat. All amaur^nt. vara md. 
froa fila 28980. 

12 28380 I 
26381 
28362 
28383 
2838k 
28385 
28386 
28387 
28368 
28389 
28390 
28391 

w*r* “d# from ftlM 28389 
and 28390. fila 20390 ahov. fraa-alr shock bast. 
XT'1 “*•“'■•“«• ■»d» froa MIm 28381, 28382, 
28383 and SOj&f. Film 2838I ahova propagation of 
ahock over asphalt and water araaa. Fila 28183 
ahov. propagation of ahock over asphalt, however a 
dark atraak acroaa cantar of fr*M obi Itérâtes moat 
of shock front.. MIm 28387 and 28382 ahov .hock 
propagating along tha desert, m* 28387 appear, 
to ba allghtly out of focua. 
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c»u»e for the« differences Is not fully understood. Most likely the 

«Î £ W~V£leCtl0n C0'frlCl'°tB for «-e three different ^f«e. 
thi Îïfe1 differences In the thermal layers above them gave rise to 

s^queit g"«h! f0r“Uon of the M»ch wave, and their sub- 

3.9 accuracy of results 

.. . ^ of possible errors and the procedures for coniDUtitw 

of'dï.tîtce h<1*thln th! “'ethod, “Pioyed to find pressure a. a function 
cov.Í!h ? by,th' 8l,,oke rocket ,h°ck Velocity technique have been 
covered extensively in References 1 and 2. 

The six aajor sources of error stem from (l) the static and dvnamic 

condition0 vlth fila »ea.ure.ent. under optüÜi 
! Í! “S ? C0rrect for f°re.hortenlng in the laage puîü 

tlon^fs?^ *c®lln‘! of dletance on the fila, (b) lapropcr tlae callbra- 

^ fltting' (6> “»* of value, of t£ 

'Í^t of the Ihôêrîi in<1 V'l0Clt!r- Co> for the region In -ront of the shock in pressure computations. 0 

hnlH of the free-air data, care va. taken to 
distan?6 above“ll8ted error« to » minimum. Except for Shot 10, the 

e measurements fell within a maximum uncertainty of ^ 2 0 ft and 
T—-- within a »n*l«írui«-0fn “d 

ied to Lî!« h C,'e °f Sh0t 10> * different «ethod bad to be 
told. ?„k Î, ? ,*“,ure tbe l0<:u> of «« shock front, a »ethod which 
arrî™i^!tentoy t®„gr“t,r oucertalntle. In the value, of tbe tl»ü-of- 

asio™ate^n^toe f0r the 0ther ■hOU- ae "ooottalntl., ssociated with the Shot 10 data were estimated in Section 3.7. 

be acc^atê1^^ for a11 8h<>ts reported are considered to 
llveí ^h! 3 per^ent the 15-pDi level. Belov the 15-p.i 

Pressures on ^*8 and 12^1^ Îh^î^îi Uveî S^^in ^eaîeî* 

discussion*!^ llluol'lT.lj ^ VUhin 10 ^ 

^ ^ direct-shocls-Photography data are of the same 
f«d th f as th08e for the free-air smoke-rocket data except 
I^lnhnfni?h8Urement8 °f trlPle-P°int and the me' sûrement, of the 
n^h!h?f Precur80r- uncertainty associated with these data is 
probably of the order of Í 5 percent. 
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Chapter 4 

DISCUSSION 

FREE-AIR SHOCK PHENOMENA 

Shock-Wave Coalescence, Arrival-Time Data 

nhnrv ^ 8tudy °f the C0ale8Cence of the reflected 
shock with th* incident shock vertically above the burst, it vas 

3 that on Shots 4 and 12 the reflected wave 
overtook the incident wave, but on Shot 8 the reflected vave was not 

í!*”*d *bove the «reban, becauae of the loe quality of the fila 

íh! A,T’0?ei\eXp0aUre becaU8e of the unexpectedly low yield of \ A1careful «»»ly«!8 cf the vertical arrival-time 
data has shown that only on Shot U vas there a distinct increase in 

fr« f0ll0wln¿ coalescence at approximately 2,550 ft 
fro* the burst point. On Shot 12, coalescence was clearly ¿bserved 

ircreas^i^veloclt600 bUt 110 corre8Ponding increase in velocity could be detected. If at all, the change in 

velority n*gative* Similarly, on Shot 8, no distinct increase in 
velocity was observed out to the limit of the data at 2,520 ft. It 

is plausible to assume for Shot 8, however, that coalescence had not 

ditiona^r^ dld n0t tAkC place for the niore-favorable con- 
ditions of Shot 12 (larger yield and lover burst height) until the 
distance of about 2,600 ft vas reached. 

■hot. «4. In th! analy8i8 0f the »"i^al-tlme data for these three 

Í^Í^'k1 4Vai ob8erved that> vhen the data were scaled to a common 
yield basis for comparison the Shot 4 data beyond the fireball region 

vhichCth8l8teDtly 8lightly hlghe:’ than tho8e for Shots 8 and 12, between 
an apparent but insignificant difference. A small per¬ 

centage difference between the actual yield and the stated yield would 

a£Ta£ïv2 il’ HnVCK' f0ll0Vln« the P°lnt of coalescence, the 
data became markedly higher. Assuming the stated 

yields to be accurate and taking the extreme values for data uncertainty 

into consideration, the increased velocity of the coalesced wave on 

Shot 4 was found to be significant and is believed to be real. Why a 

similar increase was not detected in the Shot 12 data is difficult to 

thaWt feílUSithinathftCtUal Jncreafe thAt '“y have occurred was so smai: 
tnat it fell within the experimental eiror and could not be recognized. 

flhnrk bf con8l(Jer«d connection with the observed 

™™nvêw,^0tB ""î i2 1S thSt’ prlor ^ CO«!««»«, the 
reflected wave velocities ranged from 2,500 to 4,000 ft/sec. At coa- 

greatei^the^that of^h V?l0^ty °f thC reflected w&8 significantly 
greater than that of the incident wave, while on Shot 12 the respective 

velocities were approximately the same. This information is consistent 
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ren»rl« above and may nerve, in part, to explain the 
exiatence and nonexistence of the velocity increaae in the respective 
caaes of shock coalescence (see also Section 4.1.2). 

A primary significant difference between these shots, and one 

^ffect the behavior of the reflected wave, is that 
on Shot 4 the fireball Intersected the ground plane, whereas this did 
not occur on Shots 8 or 12. Relatively little can be said quantitatively 

transmission through the intensely heated fireball region. 
However, it is certain that the shock front accelerates upon entering 

i;8 ?“ j/nd by thlS mechAnl8m It is sometimes enabled to over- 
ln;lde^ ^ vertically above the burst. Therefore the initial 

conditions for the occurrence of coalescence must depend markedly, but 
not solely, on the scaled height of burst. * 
U*1,2 Shock-Wave Coalescence. Calculated Pressures 

•rriv.'i fïref01^ reBftrke have been llalte<J to a discussion of 
arrival-time and shock-velocity data for Shots 4, 8, and 12. These 

data are the fundamental results of the experiment and provide the basis 
or the calculation of the shock pressures as a function of distance. 

P?íít?d 0Ut that the velocity of the reflected wave front is 
in4^8;ln« the intensely heated fireball region, but 

no hing was said about the pressure in the wave. Laboratory field and 
theoretical studies (Reference. 6, 11, 12) have shown thal^eí í ^ 
wave enters a region in which the local sound speed is equil to or greater 
^ an the shock velocity, the shock deteriorates; that is, the rise to 

ïncrJ^ÜÜ8^ It ^ l0nger lnfltAntaneou* *>ut, rather, the rise time la 
increased and the pressure-time representation of the wave appears 

«P*® WaVe fr0nt accelerat®» rapidly to acclimate itself, as it 
were, to its new surroundings. Shock-tube studies (Reference 125 have 

•b00*1»» «pon passing Into a region of heated gas, lose 
their ability to refract light to su* an extent that they cannot be 

detected photographically. Pressure-gage records lend further support 
to the observation of wave-front deterioration described above. 

th.* ♦>, Dîf®Cî !h0Ck ph0t0graphy on ^H-ncale nuclear tests has shown 
that the reflected wave is sufficiently strong to distort the spherical 

8 ape of the fireball, causing the lower portion to becosM concave 

th1 h^k ph°tograPhy of near-surface atomic bursts has shown 
hat the reflected wave loses its normal sphericity in the region 
directly beneath the fireball and that this portion of the wave is 

!«CtÍerK Rftte °f accelerati°n and nonsphericity increase, 
as the burst height decreases. Acceleration of the central portion of 

ictuIÎVfi^nen<°^er^d ln lnataa«» «ell below the 
actual fireball, indicating that sufficient radiation is absorbed by 
the air to cause it to heat up with a corresponding increase in local 

?or íh8PeÜ ; Sucb bating of the air is the only plausible explanat on 
pb°togj;aPbic evidence of reflected shock acceleration in this 

region well outside of the fireball. 
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imiiard vi th r«sp«ct to the »phericml »urft.ce (Reference I3). In the 
light of these observation«, it is difficult to understand why the 
upperao.t portion of the fireball is not also pushed out of shape as 

Í?V*í^Ct!d ,hOCk leave* ^ fireball region; yet little, if any such 
distortion has ever been detected on any atomic burst. It vould appear 
as though the particle aotion behind the reflected wave %ere alaost 
completely attenuated during its passage through the fireball. The 
accelerated central portion of the wave front has been observed veil 
vithln the fireball by direct shock photography, but it disappears 
before reaching the fireball center and is not detected again until 
it has passed veil beyond the uppermost portion of the fireball. It 

has been detected in this latter region only vlth the aid of the rocket 

th«n the observed refraction of the saoke grid 
Is extremely veak by comparison vith that produced by the incident vave. 
In other words, the high-velocity front apparently is not accompanied 
by a correspondingly high pressure. 

From these arguments it is possible to hypothesise that the 
reflected shock vave, although very strong at its origin, is rapidly 

distorted and veakened during its passage through the intensely heated 
.Ireball region, vhlle at the same time its velocity is increased. 
Because the local sonic speed vithin the fireball exceeds the speed of 
the shock entering it, the "shock" cannot be considered to be more than 
a rapidly attenuated, slov-rising pressure pulse while it traverses this 
region. The pressure vave is confronted by nev conditions as it leaves 
the fireball, and these are such as to cause it to "shock up" again 
although slowly, since its peak pressure has decayed somevhat and the 
air through which it passes appears cooler to it gradually. Whether 
the wave becomes a shock before it overtakes the incident shock or not 
so long as it is sufficiently positive with respect to P0, the ambient’ 
atmospheric pressure, an Increase in pressure in the coalesced shocks 
should result. 

On Shot k the calculated pressures of the shock vave follow¬ 
ing coalescence were noticeably larger than those taken from the standard 
composite free-air pressure-distance curve. This would follow logically 
. rom the observed velocity increase upon shock coalescence referred to 
in the previous section. On Shot 12, however, the reflected wave was 
observed to overtake the Incident wave very gradually, and the difference 
In their respective velocities was negligible, nevertheless, if the 
pressure in the reflected wave had been sufficiently greater than P 
ft net increase in the coalesced vave should have been deUcted. Sl^ce 
no jump in velocity was observed on Shot 12, it must be concluded thst 

the pressure in the reflected vave was very low i.e., almost atmospheric. 
(See also the* remarks in the following section.) 

Comparison of Pressure-Distance Data vlth the Standard 
Free-Air Curve -- 

The pressure-distance data for Shots 4, 8, and 12 have been 
scaled to 1 KT (RC) at sea level (see Table 1.1 for the scaling factors) 
and are given in Tables 4.1, 4.2, and 4.3, respectively. Figures 4.1, 

96 



4.2, and 4.3 compare these scaled data with the composite free-alr curve, 
(Reference 6). 

It can be seen In Fig. 4.1 that Shot 4 exhibited the same 
effect that has been observed on certain previous tower shots such as 
UPSHOT-KNOTHOLE Shot 1, Reference 6, and GREENHOUSE Easy, Reference 1, 
namely, the appearance of above-average pressures at the larger distances. 
(The average pressure Is taken as that Indicated by the composite free- 
alr pressure-distance curve.) On the other hand, Shots 8 and 12 exhibited 
below-average pressures at the larger distances, as shown In Figs. 4.2 
and 4.3, respectively. Similar "low" results were also observed on 
Operation UPSHOT-KNOTHOLE. In Reference 6, these deviations from the 
composite curve - which, It should be noted, Is based only on air-drop 
shots and not tower shots - were attributed to the statistical method 

used In fitting the basic shock-arrival-time data. Renewed examination 
of this problem has led to a reversal of opinion. 

As Reference 6 points out, the shock velocity, taken as a 
function of distance, should approach a constant value asymptotically 
at the larger distances. This limiting value should be nearly that of 
the ambient speed of sound. In Equation 1.2, the constant a is the 
asymptote of the velocity function derived from the basic fitting 
function, Equation 1.1, and should therefore closely approximate the 
sonic spe^d value. At one time, several attempts were made to hold the 
value of a fixed and equal to the observed sonic speed, but it was 
found that when this was done, a good statistical fit to the basic 
arrival-time data could not be obtained. Since that time, the value 
of a, along with the values of b and c, all constants of the fitting 
function, has been allowed to vary to~obtain the function best repre¬ 
senting the measured data. 

The point to be stressed here is that the value of a is 
controlled by the data, but when its value is about equal to or higher 
than the observed sonic speed, the shock velocities at large distances, 
and hence the shock pressures, are usually found to be higher than the 
average. Similarly, when a is somewhat lower than sonic speed, the 
resulting computed pressures are usually lower than average at the 
larger distances. 

The values for a for Shots 4, 8, and 12 are given in Sections 
3»3, 3.5, and 3.8, respeclively. Compared to the ambient sonic speeds 
which obtained at the time of burst, these values are found to differ 
as follows: Shot 4-0.8 percent low; Shot 8-12 percent low; and 
Shot 12-14 percent low. If it is accepted that a difference between 

the value of a and that of the sonic speed of less than 1 percent is 
negligible, tEen the pattern outlined above is maintained*. 

The reasons why various shots behave as they do in this manner 
is not understood. The question as to whether incident and reflected 

No explanation can be given for the fact that on Shot 10, the scaled 
pressures agreed well with those of the composite free-air curve despite 
the fact that a was 30 percent lower than sonic speed at altitude. 
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coalescence la Involved cannot be answered with certainty. 

^ b* attrlbuted to some fora of "mafs effect"* Is equally 
uncertain. Whatever the reasons, it la believed that the pressure 

anomalies observed are real and are ^t introduced through a quirk in 

the mathematics employed. Further investigation is obvioualyWranted, 

U.1.4 High-Altitude Scaling Effects 

_ j . 9 / J1?? pressure-distance data obtained by Projects 1.1 (AFCRC) 

“« fL * *ïot’ Shot 10' ‘re ln good a8ree=ent \see Fig. 3»33) NOL data have been scaled to 1 KT (RC) at sea 
leve! by the Sachs scaling technique (see Table 1.1 for the scaling 
factor.) and are presented in Table M. Figure 4.U shows a comparison 
of the scaled Shot 10 data with the composite free-air curve (Reference 6) 
Th« good agreement noted in this figure appears to indicate that the 

"II * VhlC5 ^Ch8 8Cftlln« ^^iques are applicable may be 
extended to at least 36,600 ft MSI, with reliability. This result lends 
strong support to the blast prognostications of Shelton, Reference Ik 

Z teChnl<Ue8 b* aP;iicabï:nunder' 

îh\Ve?tU11>’ the ■*« distribution of ^ 
,.or b J ? 0ffbl?íí' thermal radiation, and nuclear radiation would hold 

altitudes of the order of 35,000 ft MSL as for those at 

th^\a?rr 8ltUude®; aoa11 deviations from the composite curve at 

witMn^h reme!' Fíg; k'k’ d° ^ CXCeed 6 ^ich is well 
th*hrfítÍh!Í exp*rlinen^1 error of 10 Percent assigned to the data. Thus 
the data do not provide a rigorous proof of Shelton’s arguments, but 
they do appear to uphold them to a reasonable extent. 

• «reatar reault., it 1. worth noting that 
firlhîïî Î of «°erp in the form of thermal radiation escaped the 
fireball prior to shock breakaway on Shot 10 than on Shot 9#* the com 
P«l.n rtot imolTlac the bur.t of » Id.ntlc^ v^pc^t 

tl» InltUl nuclMT imdl«*.loB, or aor. mbcUt . th. 

for Shot ia^x— 50 p*rc,nt (uncorr.ct«d) 
f01 31101 r***' Both of these observations tend toward the 

♦ The effect" is an effect which has been recognized to account 

^ ,K ^ !°nS <*,*rv*d ln the r*t' of ««irth of the .hock wive early 
* “í1“’' 'xplo,lon> chiefly during the fireball pha.e. 

The.e variation, are ob.erved when large nas.ee of metal and other P 

material, are pre.ent In the vicinity of the exploding bomb. In certain 

T b! ilk'“d 40 the "c,,<l 1® HE explosion.. One 
af Jî*” Predominant feature, of .uch explosion. 1. that they produce 

Pre,,Ure‘ “ Urger dl*Un«B « «"P«'d ^ hare- 

*• Deduced from pr.lljdn.ry Information imported In Reference IS. 

•*» S ta tad in Roferance 15* 

102 



•MK conclusion, nMKly, that losa onorgy vas available during the period 
of shock formation and development on Shot 10 than on Shot 9. 

In viov of the good agreement betveen the scaled blast pressure- 
distance measurements and the composite free-alr curve It can only be said 
that If the partition of energy on Shot 10 vas different, the difference 
vas less than a fev percent. If the available energy on Shot 10 vere 
much less than that for lover burst heights, It vould have produced 
noticeably lover pressures at the larger distances. Since such lov 
pressures vere not observed, It can only be concluded that energy losses 
to the shock vere small and that the distribution of energy vas about 
the same as for bursts of lover altitudes. 

U.2 SURFACE PI A 

4.2.1 Thermal Effect on Mach-8tsm Qrovth 

It vas noted In References 4 and 6 that the existence of the 
thermal layer near the surface affected the normal point of Inception 
and subsequent grovth of the Mach stem, and hence, the trajectory of 
the triple point. On Shot 9 of Operation UP8K)T-CT0TH0LE (Reference 6) 
the Nach stem became established at a closer distance to ground tero 
than vould have been predicted, assuming the absence of a thermal layer. 
Reference 6 also suggested that whenever a precursor formed, a "thermal 
Nach" wave vas produced prior to formation of the precursor. 

On each or the shots of Operation T1AF0T for vhlch triple¬ 
point (Nach stem height) data vere obtained (Shota 4, 6, 8, and 12), 
precursors vere observed and the effect on the early grovth of the Mach 
stem vas again observed as on previous tests. Particular attention vas 
given to the data obtained over the three areas, vater, asphalt, and 
desert, on Shot 12, where consldjrable differences In the triple-point 
trajectories vere observed (see Fig. 3.47). 

The rate of grovth of the Nach stem over the asphalt area vas 
much more rapid than over the other two areas, and the rate of grovth 
over the desert vas faster than that over the vater. The 
heights of the precursors observed over these areas followed the same 
relative pattern. Since the shock wave reflection coefficients for 
these three surfaces are but slightly different, it Is believed that 
the radical differences in the precursors and triple-point trajectories 
resulted directly and solely from the differences in the corresponding 
thermal layers. Some laboratory work done at ROL which supports this 
contention Is given in Reference 12. The rapid fonction of a thermal 
Mach wave in the presence of a thermal layer and the subsequent smooth¬ 
ing out of the path of the triple-point above the layer Is clearly 
demonstrated. 

To the observed data for .Shot 12 shown in Fig. 3.47 there has 
been added the semi-empirical, "ideid" path of the triple-point based 
on the method derived by Hesse and Kelso (Reference 16). As can be seen 
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SH~ ::‘" - - “-s :-.. ,„ 
V««-« Prior to mPOT, a precursor had never been observed over e 

ter surface, so this surface was considered to be "ideal'’ i a ainr* 

precursor, were not observed it was assumed that a thermal la^r’did^t 

ASPHALT t 
CSITESIA *2 

OCSEPT , t 
CSITEPIA W/h "* 

> ^ A NO PRECURSOR 

Í4-I O PRECURSOR FORMED 

— tumbler 
SUMMARY CRITERIA 

(OVER DESERT) 

1-r~ 

ARRIVAL 
TIME 

0.9 SEC 

'0 20 50 70 100 
WEAPON YIELD (KT) 

200 500 700 

Figure ^.5 TEAPOT Soots Plotted on Precursor Chart 
fro« Reference 24. 

form over a water surface and therefore did not give rise to th#> 

^ “?KdMVhOCk Phen°“*“- «” » Pr.curMr «f¡ot o .^ L o™ 
,Urf^* 00 12 (»* «U b. dlscua.ed Clarín— 

^U b. «LlLld ^b1*“ °f trlple 2011,1 ov" «“» flurface ^ght 

r^acTly f°r th' "ld“r “■« ^ S.« 

Since strong precursor and thermal Mach effects oh«.*.«-,* 

over both the asphalt and desert surfaces and the calculated oath of th* 
triple point corresponds to that for the desert ¡urî.** ï! he 

tb»t thermal effectrare incited to at l^a.t . ^’..f ,u«««ted 

elegant Hee.e-Kelao pf^lctlon method for the he“t 0?“^ mch »v™“" 
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4.2.2 Precursor Formation over the Water Area on Shot 12 

The question of whether a precursor for»ed over the water 
surface on Shot 12 or was siaply the result or?^in effects cannot 

Jrî^w^e*°1Ved fr0“ the flljB record# obtained for Project 1.2. Th« 
In Arcr^Zll dl#ftPP°lntlD«» having obtained fro. 
an aircraft located in the wrong quadrant to show the desired detail. 

« „J0** Det re8ult8 of an examination of (l) the arrival-time 
data of SRI, Project 1.10, and similar HOL data, Project 1.12; (2) the 

f BR!;*^J!Ct la4bi (3) flow-dlr.ction L* 
fnd ^ triple-point-trajectory data of this 

project Project 1.2, lead to the conclusion that the precursor effects 
observed over the water area were predominantly the result of feed-in 
from the adjacent dejert areas. 

Ki * 8houl<1 ln 00 way be inferred from this conclusion that th- 
ttat W^èr iMdiíÜ1’ îreï ™‘ ldMl’ for U ^111 »« noted Hefewnce^S, 
oSîer^d ‘"d,a‘r;*t'd “nil«»! dynamo pr...ure. v.r. 
observed. Rather, it is to be concluded on the basis of all available 

Uy*r f0r I,recUr‘or 
ro™ r..^r î": 

ZlT'lluT UYe oecurrBd 

^•2»3 Precursor Criteria 

. . . several shots chosen for precursor studies bv direct 
shock photography Shots 1 .... UQ*®* °y flirtet 
the mnat Höht «r.* . » 3# # Ö, 9» ®nd 12, the ones which shed 
the “osb Ught on existing precursor criteria were Shots 1. 2 5 6 

Sijec f; on^r?“1. r*T?,‘ .p.clíícíí« 
«r. K ' 5l Î u’ bUt U VM «««-Ulned th.t pre- 

gT "! ”r for”ed by ex,UBlaatlon of the cloud .tudy fllau, of Project 
9. and the pressure-cime records of Project 1.14b. J 

figure 4.5 shows the superposition of two charts used for 
manner^fnr pr*CUr,or‘; ('rhee' tv° vere flr.t pre..ot.d In thl. 
Banner for purpoeee of coapnrleon In Reference pit.) The ehaded portion 

ÍReftren^rÍ7rPrr*nt%tte predlctlon criterion proponed by Shelton1 
th^™M V7 and.''°“ derived fron empirical Information and a 
Ih^a íamnHn^’' /dC°rdln« 10 thl« Prediction method only tho.e 
mot " ling iu the shaded area should produce a precursor. The AFSWP- 
«¿precureor-predtctlon .cheme, developed .hortly^fter’^retlon 
TUCLCT, (Reference. Ig and 19), 1. the entire area bounded by the linee 
h!w £ jy Vih * 5 (W 1» the yield ln KT and h 1. the .c?ual 
^Sd «ro^’o I0 f feet): (2) 6hock “-rival time at ground tero .0.5 sec; and (3) A-.caled height of buret . SO ft for 
yl Ids up to 20 kt. TEAPOT Shots 1 through 12 Shots 7 and in * 
have been spotted in Fig. 4.5 for comparison. 7 ««pted, 

n 4„ V A! above» precursors were observed on Shots 2. 5 and 
, n keeping with the AFSVP-NOL prediction, whereas all the other 
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precursor-producing shots were covered by both methods, with one oignlfi- 

IS"?. Chirt Pre<,1Cted th' I>reCUr,0r “hlch observed 

Shot 1, a relatively high burst of a low-yield device, pro- 

duced a very weak precursor over an asphalt area in the vicinity to one 
Bide of ground xero (see Fig. 3-3). On the other side of ground zero 
over the desert surface, no precursor was observed. On f wts 6 and li 
where asphalt surfaces were also involved, auch larger precursors w-tV 

observed over the asphalt than ever the desert area. Presumably a 

saGller thernal input is required over a more-absorbing surface,'such 

0Ver the desert surface to produce a 
sufficiently intense thermal layer for precursor formation. 

Based on this information an extension of the AFSVP-NOL chart 

nafl been a^de. Since the Shot 1 precursor over the asphalt was so weak 

It is considered reasonable to uae this point as a lower limit on the ' 

fb“?' f°r u correBP°nd» ^ minimum-energy-input conditions 
RbBOrt,1-¿ -^able of L-using the formation of a 

sufficiently intense thermal layer for precursor development. Thus it 

is proposed that the area bounded by lines representing W/h^ - 2 and 

";3CkrÄ[riVÄl ttae " °*5 8ec be ftdded ^ the AFSWP-NOL chart as in 
Fig. 4.5 to take into account the relative thermal absorptivities of 
various solid surfaces. 

^.2.4 Temperature Calculations from Shock Contours 

«« th Calculations of the temperatures in the thermal layer, based 
on the angle of the precursor front, are generally high when compared 
to actual thermal and sonic speed measurements (References 20 and 21). 

These calculations are base! on the equation (Reference 6): 

sin C1 c¿ (4.1) 

where 0 ir the angle between the precursor front and the surface and 

c^ and eg are the ambient sonic speeds of the unheated and heated 
regions, respectively. 

However, this pre-supposes that the thermal layer containa no 

temperature gradient with respect to height above the ground and that 

the transmitted wave front referred to as the thermal Mach in Reference 

6 is propagated normal to the boundary separating the heated and unheated 

^ i8+pf°bably 1101 ^ C*B«» «ince it is thought that the 

^ * fairly temperature. Thu, 
the transmitted wave front should not remain normal to this boundar 

but should form an acute angle with it. Therefore, when the transmitted 

wave propagates across the boundary, it should be refracted; a^d if one 

measures the angle of this refracted front and applies Equation 4.1 

then the temperatures calculated would be in error ' 
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th. hounJÍ HL’ r — «th 
■»h.. *lth th» boundary-Is called a andern ^ ^ preeur,or fro»t 
ln Reference 6 arTthe «.^!. !j!??.^_0thîr.“*u,«'t1®“ 
tb« boundary girt»: 

--- VAW4UP XX0 VCC 

tfa«m application of SneU'« law across 

tfe b Ui 

sin 0 sin 0 (*.2) 

where UL 
ani* I .1Ú^eWuítof°LÍh! tr“i_1U,<1 the heated region 

of the precureor front ln the anheeted region. 

•Sot 6 . T^»r.tur« CaicuUtUmg lhlM 
tS. Aatl« of u, rr.cw.or froot 

Qrouxbd Râim* 
(ft) 

0 
lUgr—) (••STM*) 

Calculât loua 
■»•• tuins 
S«. 4.1 

Qhlculatioo. I 
ma* tu log 
■t. 4.4 

S' 
rîT- 
(rt/Mc) S' 

«a. 

53a 
7TT 
969 

1,106 

13.k 
19.4 
21.2 
86.4 

AST UT St mes 

4699 
3276 
3011 
2449 

591 
463 
S03 
361 

1934 
1765 

1¾ XO7O 

»4.3 
33*0 
37.5 
48.6 

4689 
agii 
16B2 
UIJ 

551 
733 
901 

1,041 

17.6 
2).6 
26.1 
31.5 

Bsawr sum ACl 

3562 
2508 
2312 
2064 

163 
170 
119 
164 

æ 
1304 
137« 

22.7 

S.1 
S1.3 

2659 
U73 
962 
731 

fron Reference 6 we bare 

Therefore, 

sin d 

sin $ 

(M) 

(t.t) 

It le evident that Equation k.k »U1 lead 
provided 0^0. to lower calculated te^>eratures 

obeerved tT^ÜT^* ^ ‘ngl" « « could be 
«n«t. Hove ver. the height of the thermal laper va. 
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observed to le from 3 to 5 ft, which made it difficult to detect the 

c ngo in angle. For this reason, the data in support of the argument 

Temperatures calculated by the use of Equation 4.4 
over both the asphalt and desert surfaces were obtained at several 
distances. Table 4.5 presents the measured angles 0 and 0 and the 
temperatures calculated by both Equations 4.1 *nd 4.4. Also listed in 
Table 4.5 are the sound speeds of the thermal layer calculated from 
Equations 4.1 and 4.4, 

Unfortunately, these data cannot be compared directly with 
any w«ured data lhe results of Project 8.4e (Reference 21) and 

1.5 (Reference 20) on Shot 12 are Inconclusive at this time. Tfcerefore, 
it is impossible to conclude that Equation 4.4 would lead to the proper 
temperature calculations because of the lack of actual temperature 
data, the limited amount of Q and 0 data, and the relatively poor 
accuracy of these angle measurements. However, it is suggested that 

the large differences observed between the shock-calculated and indirectly 

.captures on Shot 12 may be at least partially accounted for 
by this argument. J -u cu 
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Chapter 5 

CONCLUSIONS and RECOMMENDATIONS 

5.1 INSTRUMENTATION 

The rocket-smoke-grid instrumentation used on Shots 4, 8, and 12 
operated successfully and made possible the detection of the locus of 
the incident and reflected shock waves in free air and the shock 
phenomena along the surface. On Shot 12 the grid was of particular 
value in facilitating the measurement of the precursor where it was 
difficult to distinguish it from the dust front. The criss-cross grid 
form, used for the first time on this operation, was found more useful 
than the vertical or fan grid fora used on previous tests in the close 
inspection of that area directly above the burst. 

The smoke grid produced by Jet aircraft on Shot 10. including one 
B-47 guide plane and seven Jet-fighter craft of the F-Ô4, F-86 class, 
was of little or no value for the purposes of the project. Their use 
in any future high-altitude test is not recomended unless significant 
improvements can be made. Fin-stabilized rockets of the Deacon variety, 
launched from aircraft suitably spaced, would appear to be more feasible 
according to present thlnxing. 

The photographic instrumentation for smoke-grid and direct shock 
photography was operated in excellent fashion and produced useful and 
reliable data. This technique is recommended for use in future tests 
where free air peak pressures, incident- and reflected-wave-coalescence 
studies, and surface shock-precursor phenomena observations are desired. 

5.2 PRESSURE VERSUS DISTANCE IN AIR 

Peak shock overpressure versus distance vertically above the burst 
was obtained on Shots 4, 8, and 12. On Shots 4 and 12, one of the 
primary objectives of the project vas met in determining the value of 
the peak pressure subsequent to coalescence of the incident and re¬ 
flected shock waves. On Shot 4, the pressure was apparently laareased 
following coalescence at 2,550 ft (12-pai level), while on Shot 12 no 
pressure enhancement was detected when coalescence occurred at 2,600 ft 
(7-pei level). It must be concluded that, when the reflected shock 

traverses the fireball region, it encounters conditions which cause its 
velocity to increase greatly and its pressure and associated mass motion 
to decrease markedly. Its ability to "shock-up" beyond this region 
appears to depend critically on the extent of pressure attenuation 
experienced and the ambient conditions of the medium into which it 
propagates. All of these factors depend predominantly on yield and 
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height of buret, the more extreme conditions resulting from large 
and low burst heights, mainly tower shot conditions. 

yield 

When these observations are correlated with measurements made on 
previous tower shots wherein pressures have been found to deviate from 
the standard composite free-air curve (which is based solely on air-drop 
lataj, it is suggested that these deviations may have resulted from 
reflected shock coalescence with the incident wave, accompanied by 
pressure enhancement or deterioration. For military purposes the 
standard composite free-air curve, as published in Reference 6. should 
not be altered in any respect as a result of new information gained on 
this operation; however, it is recommended that in a handbook such as 
the Capabilities of Atomic Weapons", Reference 25, it should be pointed 
out that pressure enhancement or deterioration may occur directly above 
the burst of medium to large-yield weapons detonated near the surface. 
Further investigation of the problem is required before more-specific 
information can be given. 

For weapons burst at altitudes up to approximately 40,000 ft MSL 
oachs scaling of shock pressures has been found to be reasonably Justi¬ 
fied. Shock pressures of from 8 to 800 psi determined on Shot 10 scale 
well with the standard composite free-air curve. A small uncertainty 
in the use of the Sachs scaling may be said to exist at the upper 

extremes oí this 40,000 ft range, however, because of the peculiarities 
observed in connection with the comparative thermal and nuclear measure¬ 
ments of Shots 9 and 10 (see Section 4.1.4). 

Further attempts to modify the fitting function employed in the 
detemination of pressure versus distance from shock-arrival-time data 
should be made in an effort to obtain an equation which will fit the 

data and, at the same time, contain constants which can be interpreted 
in the light of prevailing ambient conditions 

Unexpectedly high blast effects along the surface were measured 
on Shot 7, the underground shot, and no attempt was made to instrument 

tha test to obtain airblast-pressure-distance measurements. An effort 
will be made to obtain such information from existing films, but it is 
questioneble whether such data will be sufficient to establish blast 
predicción criteria for underground bursts. Such data are considered 
to be vita, from the standpoint of safety in weapon delivery, and where 
high accuracy is demanded. It is recomjended that free-air pressures 
be obtained on any future unrierground burst until such criteria are 
established or the proposed delivery procedures are modified signifi¬ 
cantly in this respect. ^ 

^•3 C0ALE8<ill|i?8 OF THE IHCIDKMT AJfD REFLECTED -^HOCK WAVES 

pn„J?YTÍr!",!üt' 0f 5,1 Load» on Aircraft In 
Flight; included the ascertainment of whether coalescence of the inci- 
ent and reflected shock waves could be expected on Shot 12 and a pre- 
diction of the pressure in the coalesced shock. The information pro¬ 
vided Project 5.1 by Project 1.2 was based solely on the results of 
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Shot 4 and eone rather incoaplete but indicative data obtained durin« 
Op«.«0» UPSH0T-KMDT80LÏ. Shot 8 va» l^tnaented to obtain .d«tto»l 
data but the unexpectedly low yield of the device defeated thi. attest 

tTTí % 4 C0.1..c.nc. «: p^4- 
1 12 Í *n 1“reM* ln pre«ur« équivalant to a yield of 
o¿«í£5 onih^ h tnel<1 °f 3401 12 Coale »cene« va. 

8hot 1f,but “ Preeeure enhancewnt me detected. All that 
- n be .aid generally and vlth reaeonable certainty la that coaleecence 
occur, under eultabl. condition, of yield and buret height JiTt^t U 
1. reaeonably entenelve, the horltontal radlua of the coaleeced vave 

Ä r0UShly 10 1 10 2 fireball radii. Pre.eed “r an^plnlon 
ae to whether preaeure enhanceaent would or would not occur upon coa- 

fî^hTî? 0n * ®lT“ *h0t’ th* rn>lsr TOul(1 b* »ffi™»!!« only'lf the 
ÎÜ Síü i* “ Intereect the ground, .uch a. on Shot V. On 
«Inïtûîl Vf îî1"* b00wl®<l€## It oould be lapoa.lble to e.tlaat. the 
■»«^tude of the preaeure difference In ter» of an "equivalent weigh? 

5.4 PRECURSORS 

f..«x.íwí!‘eXt!!íl,lre and fa,t6r ¿^«cursor wave will fora over a black- 
ab,orbln«) «urface than over a desert (theimlly 

cíÍor ini 0ver Ä **Ur »^»ce it Is believed thatVpi«- 
001 form* n* precureor-like effects observed over the 

water surface on Shot 12 are believed to have resulted solely from 
feed-in froa adjacent areas. •■»u.wra soxeiy rroa 

. 18 bell®v«d that a precursor will not fora over eater 
’T*" ,h0Uld 001 b* '»"«•»d aa "Ideal" fro, the ' 

pfjl1! effect, dong the aurface. Knowledge gained during 
vive vn?* CASTLE1 ““d TEAPOT Indicate, that water-loading of the blaet* 

other -vera^ttti ^1°8 “ Q0“ld,l‘1 °f dyna^c preeaure and 

When thermal layer, a a produced over aurfacea conducive to ore- 
curaor formation, the Mach .hock will for. .„liar aS^w^t a 
rapid rate to the height of ‘.he thermal layer than when no therm? 

ati^t Ü!' trlp1' rlat “f11 r<—1» at a acre or leaa con- 
tf *r0Und (h*lght of dermal layer) until it 

thàí dewi^“?! tl ^ lt TOUld b® expected ria. above 
on!Ld tëri? the abaenc. of a thermal layer. Pro. that poaltlon 

with sufficient «curmcy (íT^e^én“1^ 

r£ÆLÆi»W^ 
eurf^L! acrount vhe restive thenml absorptivlties of various 

*V thC 0f calculating gross teap«ratures fro. the 
angle aade by the precursor front with the ground my be warranted Th« 
change in the theory, baaed on the recognition“? ?e 
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temperature gradient n the thermal layer, would lead to lower calculated 

temperatures more in agreement with temperatures actually recorded, both 

directly and indirectly. At present there are insufflent data upon 

which to reach a sound decision in this regard. Since this problem 

seems to be primarily of academic interest, it is recoimnended that 

suitable decisive data be obtained only as a possible bonus from future 
atomic test data. 
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